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Chapter 1

Introduction

1.1 Modeling absorption and scattering in X-ray
spectra: challenges for spectral fitting

Welcome to the manual for MYTORUS, a spectral-fitting suite for modeling X-ray
spectra from a toroidal reprocessor that is valid in the Compton-thick regime. The
basic model has been described in Murphy & Yaqoob (2009) but the results in this
manual have superior accuracy and supersede those in that paper (details will be
given as appropriate).

Constructing a model of Compton-thick obscuration and reprocessing that is suit-
able for spectral fitting to real data is extremely challenging for several reasons.
One is that the scattering of X-rays is energy-dependent andgeometry-dependent,
and the correct treatment of the radiative transfer does notlend itself to fast and
accurate calculation “on the fly” as is required for spectralfitting. Model spec-
tra must be pre-calculated using, for example, Monte Carlo techniques, and the
calculations are highly cpu-intensive if adequate spectral resolution and statistical
accuracy is to be achieved. The calculation time is increased even further when
fluorescent emission lines are included in the emerging spectra. Another reason is
that the statistical errors on the final model must be sufficiently small (compared
to the expected systematic and statistical errors on the data) for a spectral-fitting
application. We have performed extensive Monte Carlo simulations and expended
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Chapter 1. Introduction

much effort to quantitatively assess, analyze, and benchmark our results in order
to produce a model that has adequate statistical quality, especially at low energies.
In particular, we have found that previous Monte Carlo studies of obscuration in
AGN are not available with a statistical accuracy that is high enough for spectral
fitting in the most challenging physical regime. That is, along directions in which
the line-of-sight passes througha column density greater than∼ 5 × 1024 cm−2,
at energies for which the scattering optical depth is∼ 10 − 50% of the total op-
tical depth. This regime requires numbers of rays injected into the medium to be
two orders of magnitude higher than the “easiest” case, for which the line-of-sight
column density to the observer iszero(i.e. pure Compton-thick reflection).

Our model has an energy range, statistical quality, and spectral resolution that is
suitable for current X-ray data as well as that expected fromNuSTARandAstro-H.
In particular, the spectral detail and resolution for the FeKα and Fe Kβ emission
lines in our model is good enough for calorimeter data fromAstro-H. The MY-
TORUS model is valid for column densities in the range1022–1025 cm−2 so it
providescontinuouscoverage from the Compton-thin to Compton-thick regimes.

The MYTORUS model was designed specifically for modeling the X-ray spectra
of active galaxies with a reprocessor that has a toroidal geometry. The fact that
AGN “type classification” is in general related to orientation of the structure in the
central engine, along with a large body of additional evidence, supports a geome-
try that is in some general sense, toroidal. Gaskellet al. (2008) argue that there is
considerable observational evidence that the broad-line region itself has a toroidal
structure, and that there may be no distinct boundary between the broad-line re-
gion and the classical parsec-scale torus. Gaskellet al. (2008) also argue that
there may even be no distinction between the outer accretiondisk and the BLR. A
toroidal distribution of matter may exist anywhere from theouter accretion disk
to parsec-scale distances from the central black hole. Throughout this manual
we shall refer toANYtoroidal distribution of matter in the central engine as “the
torus”, regardless of it’s actual size or physical locationin the central engine. The
MYT ORUSmodel is not restricted to any absolute size scale so it can beapplied
to anytoroidal distribution of matter that is centrally-illuminated by X-rays.

It may be possible to apply components of the MYTORUSmodel to sources other
than AGN and/or other situations, albeit in restricted ways. Although there should
be sufficient information in this manual to adapt the model for a different purpose,
detailed discussion of such applications is beyond the scope of this manual.
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Chapter 1. Introduction

It is of course possible to use the spectral-fitting model forthe purpose of simply
making spectral files (for plots, or other purposes), and/orderiving various nu-
merical quantities such as observed to intrinsic luminosity ratios. Even for these
applications we urge you to read the entire manual.

In order to apply the MYTORUS model youmustunderstand the physics. Oth-
erwise you may misinterpret the results of applying the MYTORUS model, or
else you may apply the model incorrectly (both are easy to do). In particular,
the MYTORUSmodel necessarily comes in several “bits and pieces” because that
is required by the physics. However, different components of the model need to
be set up correctly with respect to each other and making a mistake here could
be critical. The model is sufficiently complex, especially when additional model
components are included, that you may not even be able to find avalid good fit
to your data if you start the model far away from a solution. This manual will
take you through a step-by-step process to learn the essentials of using the MY-
TORUS model. Applying the model will also require changing your approach to
the spectral-fitting process itself compared to what you maybe used to, and this
aspect is also covered in the manual.

1.2 Outline of the manual and how to use it

In order to apply the MYTORUS model you have to invest some time in study-
ing this manual before firing up a spectral-fitting package (such as XSPEC – Ar-
naud 1996). It is important that you thoroughly understand the model first before
attempting any spectral fitting because it is easy to apply the model incorrectly.
Also, there are different ways of implementing different components of the model,
so more than one option may be available for particular purposes and different
implementations will have different characteristics. Thesuitability of different
implementations may vary with the particular application that it would be used
for.

This manual is organized as follows. In Chapter 2 we describe some basic con-
cepts with respect to absorption and scattering of X-rays that will be important
for fully understanding the MYTORUS model. In Chapter 3 we set up the basic
geometry and physics of the MYTORUS model. In Chapter 4 we summarize the
essential assumptions that the MYTORUSmodel is based on so that the regimes of
validity of the model can be fully appreciated. In the next three Chapters (5–7) we
describe the three principal components of the MYTORUSmodel in considerable
detail (namely the zeroth-order continuum, the scattered continuum, and the fluo-
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Chapter 1. Introduction

rescent emission-line spectrum). In Chapter 8 we describe the practical aspects of
fitting real data using the MYTORUSmodel, illustrating the procedures with spe-
cific examples. Also discussed are details of how to include model components
that are not part of MYTORUS. Finally, in Chapter 9, we briefly discuss some of
the effects of covering factor, elements abundances, and geometry, compared to
the assumptions made for the MYTORUSmodel.

1.3 Updates and future enhancements
As will be explained in this manual we expect to further update the capabilities
and range of applicability of the MYTORUS model. The latest enhancements to
the model and to this manual can be found at

http://www.mytorus.com

You may subscribe to an e-mail distribution list in order to keep informed about
updates to the model and to this manual, as well as any issues that may arise
with the model, by sending a request tomodel@mytorus.com. Note that
you are not automatically subscribed even if you received ane-mail notifica-
tion about the release of MYTORUS – you must explicitly send a request to
model@mytorus.com. Unfortunately we do not have the resources to provide
user support. Nevertheless, you may send an e-mail tomodel@mytorus.com
with a problem or question, with the understanding that a reply is not guaran-
teed. General feedbackis encouraged as it has the potential to eventually provide
justification for requesting funding for user support and further development.

Finally, we emphasize that the current release of MYTORUS is a beta version
(0.0). Whilst we have gone to great effort to test, benchmark, and validate the
results that were used to construct the model, it is to be understood that you will
be using the model and the associated documentation at your own risk. We are
not responsible for errors, or for the validity or accuracy of any results that you
might obtain using the MYTORUSmodel. Especially in view of the fact that is is
quite easy to apply the model incorrectly (a property that iscertainly not unique
to MYTORUS), it is your responsibility to apply the model correctly. If you do
find any errors in this manual please report them tomodel@mytorus.com.
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Chapter 2

Basic Concepts

Throughout this manual, we will refer to various concepts and terminology related
to the interaction of X-rays with matter. Here we define and clarify the most
important of these. This discussion is minimal and geared towards a practical
working knowledge that is required to apply the MYTORUSmodel. We give only
limited background physics but you are strongly encouragedto pursue these topics
in greater detail.

2.1 Compton-thin versus Compton-thick

There is some confusion in the literature with respect to whether an obscured
X-ray source is Compton-thick or not. Strictly speaking, theCompton-thickness
(more appropriately, the Compton optical depth) of a medium depends on the
electron-scattering column densityangle-averaged over the source photon distri-
bution over4π. The electron-scattering column density itself depends onthe pho-
ton energy (whichchangesupon each scattering of the photon in the medium).
Suppose the X-ray source emitsP (E0, θ, φ) photons per unit solid angle with an
initial energy ofE0. Here,θ andφ specify the direction of a photon in spherical
polar coordinates. If the equivalent column density of neutral Hydrogen in the
specified direction isNθ,φ, the Compton optical depthwith respect to the incident
photonsis then
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Chapter 2. Basic Concepts

τs(E0) = xσKN(E0)

[

∫ 2π

0

∫ π

0
P (E0, θ, φ) Nθ,φ sin θ dθ dφ

∫ 2π

0

∫ π

0
P (E0, θ, φ) sin θ dθ dφ

]

(2.1)

wherex is the mean number of electrons per H atom and is equal to1
2
(1 + µ),

whereµ is the mean molecular weight. In Eq. 2.1,σKN(E0), is the total Klein-
Nishina Compton cross-section at an energyE0. Thus, the Compton depth of the
medium is not a simple quantity. It depends on the geometry ofthe medium, the
angular distribution of obscuring matter, the angular distribution of the incident
X-ray photons and their initial energy. Moreover, asE0 becomes comparable to
mec

2, the Compton depth for a given photon can changesignificantly(compared
to the initial value) as it scatters in the medium.

If one has aspectrumof photons that is incident on the medium, then how can the
Compton depth be defined? Clearly, there are a large number of possible choices
for such a definition. We are, unfortunately, stuck with the conventional definition,
that the Compton depth is defined as theThomson depthof the mediumregard-
less of the energy spectrum of the incident photons, with the additional assump-
tions that the X-ray source is isotropic and that the column-density distribution is
spherically-symmetric. Neither of the latter two assumptions may be true. This
definition of course does not accommodate the fact that the optical depth for a
photon evolves as it scatters in the medium and it is equivalent to the assumption
thatE0 ≪ mec

2. With the assumptions of the conventional definition, Eq. 2.1
reduces to

τs ∼ x σT NH (2.2)

becauseσKN ∼ σT if E0 ≪ mec
2. For the cosmic abundances of Anders &

Grevesse (1989), Eq. 2.2 is

τs ∼ 0.8090 N24 (2.3)

whereN24 is the column density in units of1024 cm−2. According to the conven-
tional definition then, a source is Compton-thick ifτs > 1, orN24 > 1.24.

6



Chapter 2. Basic Concepts

Confusion in the literature arises because the line-of-sight column density may
be very different to the column density in directions out of the line-of-sight and
often no distinction is made between the two quantities. Thecolumn density in
Eq. 2.2 and Eq. 2.3 in the context of the conventional definition should really be
the column density angle-averaged over all directions but it is incorrectly assigned
to the line-of-sight column density in the literature. The angle-averaged column
density out of the line-of-sight cannot be measured with ad hoc models of the X-
ray spectrum. It must be derived indirectly, either using a self-consistent model
such as MYTORUS, or using other indicators of the column density out of the
line-of-sight. The latter indicators, such as the infra-red to X-ray luminosity ratio,
or the OIII to Fe Kα line ratiodo notgive unique, unambiguous estimates of the
required column density. Therefore, if a source is said to beCompton-thick in the
literature, you must first scrutinize precisely how that classification was arrived
at, given the discussion of the complex assumptions above. Ultimately, of course,
the classification isarbitrary and is not in fact important. What is important is
to derive physical parameters from the observables. When youapply the MY-
TORUS model for this purpose, it does not matter whether you define the source
to be Compton-thick or Compton-thinbecause there is no requirement to make
a distinction. The MYTORUS model smoothly handles the range of equatorial
column densities from1022 cm−2 to 1025 cm−2.

On the other hand, the simple quantities in Eq. 2.2 and Eq. 2.3do have a lim-
ited physical significance in the sense that they might,under some circumstances,
roughly indicate certain properties of the source that you might expect if the
Thomson depth is much less than or much greater than unity. However, it must
be remembered that the conventional definition refers only to the line-of-sight
Thomson depth, which may be completely different to the angle-averaged Thom-
son depth. For average Thomson depths much less than unity, the scattered X-
ray spectrum will be dominated by the first scattering. The greater the Thomson
depth compared to unity, the greater the mean number of scatterings will beand
the greater the effects of X-ray absorption. In this manual we will use the conven-
tional definition of Compton-thin to meanτs = xσTNH ≪ 1 and Compton-thick
to meanτs = xσTNH > 1, unless otherwise specified. Whenever either term is
used we will specify what we mean byNH.
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Chapter 2. Basic Concepts

2.2 The zeroth-order (or unscattered) continuum

There is a finite probability that a photon entering a medium will leave without
interacting with it at all, (i.e., the photon is neither absorbed nor scattered). The
zeroth-order continuum is the collection of all such photons.

In Fig. 2.1, we show a typical zeroth-order continuum photonpath in a very gen-
eralized manner to illustrate the concept.

Figure 2.1:A very generalized illustration of the concept of the zeroth-order continuum, show-
ing a typical photon path. Examples of rays that have undergone one and two scatterings are also
shown (S1 andS2 denote sites for the first and second scattering respectively). Not all rays will of
course reach an observer.

The zeroth-order continuum is simply

N0th = Nine
−(τa+τs), (2.4)

whereτa andτs are the absorption and scattering optical depths along the line-of-
sight, respectively, andNin is the number of input photons per unit solid angle.
Both the absorption and scattering optical depths are energy dependent.

In Fig. 2.1, we show a typical zeroth-order continuum photonpath.

8
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Since the zeroth-order continuum is purely a line-of-sightquantity, itdoes notde-
pend on the geometry or covering factor of the material out ofthe line-of-sight.
This component is simply a fraction of the input spectrum at agiven energy, and
that fraction depends only on the optical depth at that energy. The zeroth-order
photons experience no time delay with respect to any unabsorbed continuum from
the same source. The zeroth-order continuum is commonly referred to as the
“direct” or “transmitted” continuum, but we only use the term “zeroth-order”
throughout this manual.

Monte-Carlo simulations are not required to calculate the zeroth-order continuum
for any geometry, since it can be calculated numerically. Although our Monte
Carlo simulations produce zeroth-order continua, our spectral-fitting models uti-
lize numerical zeroth-order continuum calculations.

2.3 The scattered continuum

For a photon incident upon a reprocessing medium, there is a finite probability
that it will interact with the medium through Compton scattering or absorption,
which is determined by the respective optical depths in the direction of photon
propagation. At each interaction with the medium, the photon may be scattered
with a probability equal to the ratio of the scattering cross-section to the total
(scattering plus absorption) cross section. To this end, itis useful to define the
(energy-dependent) single-scattering albedo:

s =
σs

σa + σs

(2.5)

.

The scattered continuum is the collection of all escaping photons that have been
scattered in the medium at least once. It is sometimes referred to as the “reflection
spectrum”, but this implies that the escaping photons are always scattered “back”
towards the observer. However, these photons may also be scattered forward to-
wards the observer with respect to the initial direction of propagation.

Compton scattering shifts the energy of a photon. Therefore,the photons that
contribute to the scattered continuum at a given energy can have a wide range
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of initial energies. For a cold medium (one in which the photon energy in the
electron rest-frame is much less thanmec

2), photons lose energy to electrons be-
cause Compton scatterings always transfers energy from photons to electrons in
the electron rest frame. The net scattered spectrum for a cold medium at a given
energy then depends on the input spectrum at all higher energies.

The fractional energy shift due to Compton scattering depends on the initial en-
ergy of the photon itself and is larger for higher energies (e.g. Murphy & Yaqoob
2009). For example, 500 keV photons can be down-scattered inenergy to∼ 170
keV after a single scattering, whereas 5 keV photons are down-scattered by less
than 100 eV in a single scattering. The total scattered continuum is therefore a
complex function of the input spectrum, the reprocessor geometry, orientation,
optical depth distribution, element abundances, and covering factor.

Due to the extra path lengths involved, the scattered continuum will be subject to
time delays with respect to the zeroth-order continuum. Foran obscured X-ray
source, the observed spectrum will be composed of both scattered and zeroth-
order continua, and therefore their relative normalizations may vary in time in
response to intrinsic continuum variations. Calculation ofthe time response func-
tion is complex, but the time delays of the scattered component could bemuch
longer than the typical intrinsic variability timescales.In Fig. 2.2 , we show ex-
amples of typical scattered photon paths to illustrate how scattered photons are
affected by time delays.

2.4 The zeroth-order (or unscattered) fluorescent
emission lines

If photons are absorbed above the K-edge threshold energy ofan atom or ion,
a K-shell electron can be removed. Subsequently, auger decay may follow, or a
fluorescent line may be emitted if the K-shell vacancy is filled by an electron from
an upper level. The probability that the absorption of a continuum photon above
the K-edge threshold results in fluorescent line emission (the fluorescence yield)
increases with the atomic number of the element.

A certain fraction of the line photons that are created will escape the medium with-
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Figure 2.2: A very generalized illustration of the time delays between photon paths for the
zeroth-order continuum and the scattered continuum (S1 andS2 denote sites for the first and
second scattering respectively). In this example, the once-scattered ray will be delayed (with
respect to the zeroth-order array) by the difference in the travel time between OA and OB. The
twice-scattered ray will likewise be delayed by the sum of the travel times between CD and DE,
with respect to the zeroth-order ray. Not all rays shown reach the observer (e.g. the zeroth-order
ray along OA does not). The overall temporal response function of the scattered continuum is
therefore a very complex quantity that can be obtained by accumulating the time delays for every
ray over all scattering orders.

out being scattered. These are the zeroth-order emission-line photons, which con-
stitute the “core” of the line. All of these zeroth-order line photons have an energy
that isnotaffected by Compton scattering. Only Doppler and gravitational energy
shifts would affect the zeroth-order line photons (which can be implemented in
the MYTORUS model by other functions in the spectral-fitting package). The
observed zeroth-order line flux and equivalent width (EW) depend on the input
spectrum and the reprocessor geometry, orientation, column density distribution,
element abundances, and covering factor.

Note that the zeroth-order line emission isnot polarized, since the emission is
isotropic. Fig. 2.3 illustrates the creation and escape of zeroth-order Fe Kα line
photons. These emission-line photons may be created after multiple scatterings of
higher-energy continuum photons and therefore will be subject to similar (but not
identical) time delays as the scattered continuum with respect to the zeroth-order
continuum.
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Figure 2.3:A very generalized illustration of some typical photon paths relevant for the creation
of the zeroth-order and scattered fluorescent emission-line spectrum. The zeroth-order fluorescent
line photons will appear to have time delays with respect to the zeroth-order continuum that are of
the same order as the time delays between the scattered continuum and the zeroth-order continuum.

2.5 The scattered components of the fluorescent
emission lines

Emission-line photons may be scattered before they escape the medium (see
Fig. 2.3). The scattered photons constitute the “Compton shoulder” of the ob-
served emission line. Typically, the largest contributionto the Compton shoulder
comes from line photons that have been scattered once beforeescape. The flux
in the Compton shoulder relative to the zeroth-order emission-line component
depends mainly on the column density distribution, elementabundances, orienta-
tion, and geometry of the reprocessor. Since the spatial distribution of the origin
of the zeroth-order and scattered components of the emission line is similar, we
don’t expect time delays between these components to be significant and they are
neglected in our implementation of the MYTORUSmodel.
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2.6 Relative normalizations of the model compo-
nents

It is clear from the above discussion that separation of the zeroth-order contin-
uum, scattered continuum, and emission-line spectrum mustbe maintained in or-
der to allow for time delays and deviations from model assumptions. As described
above, there may be time delays between the scattered continuum and the zeroth-
order continuum and, possibly different, time delays between the line emission
and the zeroth-order continuum. In reality, the reprocessor will not have the same
geometry, covering factor, and element abundances assumedin our model. Allow-
ing the three groups of model components to have variable relative normalizations
is therefore necessary. The total spectrum is the sum of the three groups of model
components, weighted by their relative cross-normalizations. However, relative
normalizations cannot correctly account for differences in the spectrum for differ-
ent geometries, covering factors, and element abundances (see Chapter 9). Future
implementations, based on additional Monte Carlo simulations, will include more
choices in covering factor and element abundances.
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Chapter 3

Toroidal Model

3.1 Toroidal reprocessor model

Our model adopts a tube-like, azimuthally-symmetric torus(see Fig. 3.1). Herec
is the distance from the center of the torus (located at the origin of coordinates) to
the center of the “tube”, anda is the radius of the tube, but note that only theratio,
c/a, is important for our calculations. This corresponds to theclassic “doughnut”
type of geometry for the obscuring torus in AGN.

The inclination angle between the observer’s line-of-sight and the symmetry axis
of the torus is given byθobs, whereθobs = 0◦ corresponds to a face-on observing
angle andθobs = 90◦ corresponds to an edge-on observing angle.

The equatorial column density,NH, is defined as the equivalent Hydrogen column
density through the diameter of the tube of the torus (as indicated in Fig. 3.1). The
actual line-of-sight column density is:

NH, l.o.s. = NH

[

1 −
( c

a

)2

cos2 θobs

]
1

2

. (3.1)

The mean column density, integrated over all lines-of-sight through the torus, is
(π/4)NH (assuming an X-ray source that emits isotropically and is located at the
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Figure 3.1:Assumed model geometry. The half-opening angle is given by(π − ψ)/2 and the
inclination angle of the observer’s line-of-sight with respect to the symmetry axis of the torus is
given byθobs. The equatorial column density,NH, of the torus is defined by the diameter of the
tube of the “doughnut”. The illuminating X-ray continuum source is located at the origin (filled
circle, marked “BH” for “black hole”).

origin of the torus). The column density may also be expressed in terms of the
Thomson depth:τT = 1

2
(1 + µ)NHσT, whereµ is the mean molecular weight

(see Murphy & Yaqoob 2009). For the cosmic abundances of Anders & Grevesse
(1989) this quantity is∼ 0.809N24, whereN24 is the column density in units of
1024 cm−2.

The half-opening angle of the torus is given by(π−ψ)/2 (see Fig. 3.1). The cov-
ering factor,∆Ω/(4π), is given bya/c, wherea andc are the lengths illustrated in
Fig. 3.1. In the current implementation, the half-opening angle is60◦ (equivalent
to [∆Ω/(4π)] = 0.5, or (c/a) = 2).

We assume that the the reprocessing material is uniform and essentially neutral
and cold (see§4.5). Dynamics are not included in the Monte Carlo code. Kine-
matic information can be approximated by convolving the final output spectrum
with a velocity function.

We utilize photoelectric absorption cross sections for 30 elements as described in
Verner & Yakovlev (1995) and Verneret al. (1996). Although these cross section
parameterizations are only valid up to 100 keV, the absorption cross sections near
100 keV and at higher energies can be approximated by a simplepower-law form
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and they are orders of magnitude less than the values at the threshold energies (all
< 10 keV). Therefore, we extrapolate the total cross section forenergies above
100 keV using a power law with a slope equal to that in the90−100 keV interval.
We currently use Anders and Grevesse (1989) elemental cosmic abundances in
our calculations.

We includedKα fluorescent line emission in our Monte Carlo code for Fe and Ni,
as well as theKβ line for Fe. Fluorescent lines from other cosmically-abundant
elements (such as C, O, Ne, Mg, Si, and S) are less observationally relevant than
those from Fe and Ni due to their small fluorescence yield and because lower-
energy line photons have a greater probability of being absorbed before escaping
the medium than higher-energy photons. Currently, only the Fe Kα and Fe Kβ
emission lines are included in the actual spectral-fitting model (see Chapter 7 for
details).

3.1.1 Inclination angle bins

The spectra are stored in 10θobs bins between0◦ and90◦ that cover equal intervals
in solid angle (see Table 3.1). Because of the symmetry of the torus and the
isotropy of the illuminating X-ray radiation, these solid-angle bins cover the entire
sky. The angle bins are illustrated in Fig. 3.2. For the current geometry with a
half-opening angle of60◦, this corresponds to 5 angle bins that intercept the torus
(with θobs between60◦ and 90◦) and 5 that do not intercept the torus (withθobs

between0◦ and 60◦). Note that the first angle bin is actually a cone centered
on 0◦. For this bin,0◦ can be interpreted as a bin center, as opposed to a bin
boundary. Likewise, the last angle bin includes emission from theθobs interval
84.26◦ to 95.74◦, centered on90◦ due to the symmetry. Thus, interpolation of
physical quantities for an arbitrary value ofθobs is not straightforward ifθobs lies
in one the “end-bin” intervals. Our method is to interpolatequantities at the mid-
point of each angle bin, except that if the specified value ofθobs lies in the first half
of the first bin or the second half of the last bin, the value of the physical quantity
is simply set equal to the literal value of the quantity for that angle bin (which is
equal to the mid-point value).
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Table 3.1: Bin boundaries forθobs. Bins 1–5 correspond to lines-of-sight that do
not intercept the torus for the opening angle discussed here. Bins 6–10 correspond
to lines-of-sight that intercept the torus.

Bin cos (θobs,max) cos (θobs,min) θobs,min (degrees) θobs,max (degrees)

1 0.9 1.0 0.00 25.84
2 0.8 0.9 25.84 36.87
3 0.7 0.8 36.87 45.57
4 0.6 0.7 45.57 53.13
5 0.5 0.6 53.13 60.00
6 0.4 0.5 60.00 66.42
7 0.3 0.4 66.42 72.54
8 0.2 0.3 72.54 78.46
9 0.1 0.2 78.46 84.26
10 0.0 0.1 84.26 90.00

Figure 3.2: Illustration of the physical meaning of the 10 angle bins used in the
MYT ORUSmodel (see Table 3.1 and§3.1.1). The torus has azimuthal symmetry,
as well as symmetry around the edge-on inclination angle (θobs = 90◦). The latter
symmetry allows us to sum rays that have directionsθobs and180 − θobs. The
angle bin labeled “1” (face-on) actually includes a cone around the pole, centered
on θobs = 0◦, and the angle bin labeled “10” includes a “wedge” that is centered
on θobs = 90◦. The geometry of the discrete angle bins should be considered
carefully when interpreting spectra from MYTORUS.

18



Chapter 3. Toroidal Model

10−3 0.01 0.1 1 10 100 1000 104 1050
.0

1
0

.1
1

σ K
N
/σ

T

E (keV)

Figure 3.3:Total Klein-Nishina Compton-scattering cross section versus energy, in units of of
the Thomson cross section.

3.2 Understanding the energy-dependence of the
spectra

3.2.1 Zeroth-order spectrum

The zeroth-order continuum has an energy dependence that isaffected by the
energy-dependent photoelectric absorption cross sections and the Klein-Nishina
Compton-scattering cross section (see Fig. 3.3). The zeroth-order spectrum at
each energy is simply the input spectrum multiplied by a factor between 0 and 1
that corresponds to the fraction of photons escaping in the line-of-sight without
interacting with the medium.
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3.2.2 Scattered spectrum at low energies

The absorption probability for photons becomes increasingly higher as the photon
energy decreases and so the fraction of escaping photons decreases significantly.
In order to obtain reliable escape fractions, larger input photon numbers must be
injected into the torus at low energies. Moreover, the multitude of absorption
edges below 10 keV would require carefully selected injection energies in order
to achieve the desired energy resolution with sufficient accuracy (even with the
method of photon weights that we employ for our latest Monte Carlo results).
However, when the energy is low enough that Compton scattering is in the Thom-
son regime, the total scattering cross section is essentially independent of energy
and, if absorption dominates over scattering, most of the escaping photons will be
zeroth-order or once-scattered. Under these circumstances, the passage of pho-
tons through the torus depends only on the single-scattering albedo (see Eq. 2.5)
and not on the initial photon energy.

Using our Monte Carlo code, we can calculate the number of escaping photons
for a relatively small set of albedo values and interpolate for any desired, arbitrary
value of the albedo. Thus, to obtain the output for a given input photon energy, we
can calculate the corresponding albedo for a given set of element absorption cross
sections at that energy and use that albedo value to obtain the escape fraction
by interpolating the albedo-based Monte Carlo results. We note that if any of
the element abundances is changed, the same albedo-based Monte Carlo results
can be used since only the correspondence between albedo andenergy changes.
In practice, we can calculate the zeroth-order photon numbers using Eq. 2.4 and
use the interpolated Monte Carlo results for the scattered photons. At 5 keV the
maximum energy shift after one scattering is∼ 100 eV, which is comparable to
CCD-resolution.

3.2.3 Scattered spectrum at high energies

At any particular energy value, the scattered spectrum includes contributions from
Compton downscattered photons that had higher initial energies. In principle, an
infinite number of scatterings could contribute to the totalspectrum at a given en-
ergy. In practice, the intrinsic spectrum of an astrophysical source and the Klein-
Nishina cross section decrease with increasing energy. Moreover, the intrinsic
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source spectrum cuts off at a characteristic energy which isusually unknown.
The scattered spectra show an observed high-energy cutoff that occurs at lower
energies than the intrinsic cutoff, due to Compton downscattering. Including an
additional high-energy cutoff may not be necessary. The functional form of a
power-law with an exponential cutoff is not physical; in particular, thermal comp-
tonization models do not predict curvature that can be modeled adequately with
an exponential cutoff. Either a physical model of the intrinsic spectrum should be
used (which would have a natural high-energy cutoff), or if an empirical model
is used, it may be more realistic to assume that it simply terminates at a discrete
energy. The range of high-energy cutoffs for the input spectra of AGN is poorly
determined, but we note that non-blazar AGNs have rarely been detected above
500 keV (e.g. see Dadina 2008). In the MYTORUSmodel, spectra are calculated
based upon the assumption that the intrinsic power-law continuum terminates at
an energy that we will refer to asET throughout this manual. Although this ter-
mination energy is not implemented as a free parameter, calculations are available
for a range of values ofET up to 500 keV (see§6.1.3 and§6.2).

3.3 Implementation as a spectral-fitting model

There are a variety of possible implementations for transforming the Monte Carlo
simulation results to an actual spectral-fitting model. Particular implementations
may be optimal for certain applications, but any implementation will inevitably
involve some compromise. Two major desirable factors of thespectral-fitting tool
are 1) that it should be as fast as possible and 2) that is allows for an arbitrary input
spectrum. In practice, there is a trade-off between these two properties. Allowing
an arbitrary input spectrum requires “on-the-fly” integration of the Monte Carlo
results (Greens functions) and input spectrum, and consequently this can result in
impractical run times. Although in the future we will release a version of the tool
that can handle arbitrary input spectra, for the current release we choose speed as
the most important factor. Thus the first release of the MYTORUSmodel is in the
form of pre-calculated tables for input spectra in the form of a power law, a choice
which is suitable for the application of fitting AGN X-ray spectra.

There are other practical aspects to consider in an implementation of the spectral-
fitting model. For example, instrument calibration uncertainties demand some
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freedom in the energy scale of the model spectrum, especially with respect to
emission-line features. Energy resolution is also an important practical consider-
ation. The energy resolution in the current model implementation is suitable for
current X-ray spectral instrumentation and the spectral resolution for the fluores-
cent emission lines is suitable for data that will be obtained by calorimeters aboard
Astro-H.

For the current and future implementations of the model, we will use the albedo-
based results (see§3.2.2) to construct the spectra below 5.0 keV. The albedo-
based method uses an elastic-scattering approximation. The cross-over energy of
5.0 keV was chosen to give a reliable transition to the regimein which the general
Monte Carlo results are used (see Murphy & Yaqoob 2009 for quantitative details).

3.4 The default implementation: power-law table
model

The default implementation of the spectral-fitting model isbased on tables of spec-
tra calculated from a power-law input spectrum. There are three groups of tables,
corresponding to the three groups of model components described in Chapter 2:
the zeroth-order continuum, the scattered continuum, and the emission-line spec-
trum. The components are combined to produce the net spectrum. This includes
convolving the line emission with a Gaussian function (thatis part of the spectral-
fitting package) to model velocity broadening. The current implementation in-
cludes only Fe Kα and Fe Kβ line emission. Although our Monte Carlo model
calculates the Ni Kα line emission, we have not yet included it in the current
spectral-fitting model since the nickel abundance is currently highly uncertain.
Furthermore, this line emission is not commonly detected inAGN spectra. How-
ever, we plan to include this component in future implementations of the model.

The first release of the spectral-fitting model pertains to fixed element abundances
(Anders & Grevesse 1989) and a single opening angle (i.e. a half-angle of 60◦,
equivalent to a covering factor of(∆Ω/[4π]) = 0.5).

The current implementation includes different tables thatcorrespond to different
termination energies of the input spectrum, up to a maximum energy of 500 keV.
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Table 3.2: Summary of parameters for the MYTORUS table model

Parameter Description Range

z Cosmological redshift of the source 0–[(ET /EU ) − 1] †

Γi Photon index of the intrinsic power-law continuum 1.4–2.6
Ai Normalization of the intrinsic power-law

continuum (photon flux at 1 keV) . . .
NH Equatorial column density of the torus 0.01–10×1024 cm−2

θobs Inclination angle between the torus polar axis 0◦–90◦

and the observer’s line of sight
AS Relative normalization of the scattered continuum . . .
AL Relative normalization of the

Fe Kα and Fe Kβ fluorescent line spectrum . . .
σL

‡ Gaussian width of fluorescent emission lines . . .
ET Termination energy of the intrinsic continuum (keV)≤ 500 keV

† HereET is the maximum energy of the intrinsic power-law spectrum (different tables
for the scattered continuum will have different values – see Chapter 6),andEU is the
maximum energy of theobserved-framedata.
‡ Regardless of the centroid energy of an emission line, this parameter is related to the
FWHM velocity width,VFHWM, byVFHWM = 2.354cσL(keV)/[6 keV] when the veloc-
ity broadening is implemented with thegsmooth function in XSPEC, with the energy
index,α, frozen at 1.0 (see Eq. 7.4 and Eq. 7.6 in§7.3.5). Here,c is the speed of light.

3.4.1 Model components

The zeroth-order continuum component is in the form of multiplicative tables.
The θobs dependence on the zeroth-order continuum component is not confined
to the 10 solid angle bins that we define for the scattered continuum and line
emission (i.e., Table 3.1, Fig. 3.2). Instead, the calculation of the zeroth-order
spectrum is interpolated on a finer energy grid (see Chapter 5).

The scattered continuum component is in the form of additivetables. Details
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of the different available tables, corresponding to different high-energy intrinsic
continuum termination energies are given in Chapter 6.

The line emission component combines the zeroth-order and scattered line emis-
sion and is in the form of additive tables. Currently these tables include only
Fe Kα and Fe Kβ line emission. Different tables are available for different energy
offsets and different termination energies of the incidentpower-law continuum,
as described in Chapter 7 (which also describes the implementation of velocity
broadening).

3.4.2 Model parameters

Table 3.2 shows a summary of parameters for the XSPEC table model imple-
mentation, including their valid ranges where appropriate. The notation for the
parameters in Table 3.2 will be used throughout this manual.In practice a model
is implemented using three separate tables combined with additional components
that are intrinsic to the spectral fitting package. A given parameter may appear in
more than of the tables, even though the multiple appearances of a parameter may
refer to the same physical quantity. Such parameters will usually be tied to vary
together in the actual spectral-fitting procedure. The details of the tables are de-
scribed in Chapters 5, 6, and 7, whilst Chapter 8 describes the practical aspects of
how the tables and intrinsic functions in the spectral-fitting package are combined
to set up complete models in preparation for spectral fitting.
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Understanding the Model
Assumptions

In this chapter we summarize the various assumptions of the MYTORUS model
that are important to understand before applying the model to data. Although
some of these may be quite restrictive, applying a physical model can beless
restrictive than applying ad hoc (non-physical) models since it has the ability to
yield a higher scientific return. In this respect, the statistical goodness of fit alone
may not decide which is the best model for the data. In other words, adding model
components that do not have a sound physical basis, just to get a better fit to the
data may not yield any new information about the astrophysics of the source. The
MYT ORUS model provides aphysical and self-consistent baselineas a starting
point and this is more useful than using ad hoc, non-physicalmodels. Real AGN
will not conform to all of the assumptions in the MYTORUSmodel but the results
of starting to fit real data with MYTORUSwill serve as quantitative indicators of
how the model should be extended in a physical and self-consistent manner. Such
an approach is not possible with models that are completely ad hoc.

4.1 Intrinsic, incident spectrum

The X-ray continuum source in the MYTORUSmodel is located at the center, or
origin, of the torus and emits isotropically (see Fig. 3.1).Although in the future
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we will release a version of the MYTORUS tool that can handle arbitrary input
spectra, only a power-law intrinsic continuum is currentlysupported. For the
majority of applications for fitting AGN X-ray spectra this will not be prohibitive.

4.2 High-energy cutoff

In the current implementation, the high-energy cutoff of the intrinsic continuum is
not a free parameter. However, tables are available for a discrete set of termination
energies of the incident power-law continuum (see§3.2.3 and§6.1.3 for details).
We also recommend that you donot put in an additional high-energy exponential
cutoff, for reasons explained in§8.4.3.

4.3 Opening angle/covering factor

The model assumes a single value for the covering factor of the torus
([∆Ω/(4π)] = 0.5, or (c/a) = 2), corresponding to a half-opening angle of60◦;
see§3.1). Future implementations will include tables for additional values of the
covering factor.

4.4 Element abundances

We use Anders & Grevesse (1989) cosmic abundances. In the future there will be
a version that utilizes Asplundet al. (2009) abundances. Future implementations
will allow also freedom in the abundance of iron.

4.5 Ionization state

The observed peak energy of the narrow Fe Kα line at 6.4 keV in many AGN
provides overwhelming evidence that the narrow core of the Fe Kα line in AGN
originates in cold, neutral matter (see Shu, Yaqoob, & Wang 2010, and references
therein). It isthis circumnuclear matter that MYTORUS models. We know there
is evidence from emission and absorption lines in AGN that ionized matter also
exists in many AGN. MYTORUS is not a model for the ionized matter, it is a
model for the neutral/cold matter. The model is calculated for neutral matter but in
practice may be applicable (with careful interpretation) to low-ionization material,
with the possibility of H and He being fully ionized, and the existence Fe ions up
to FeXVII . Corresponding temperatures may be of the order of∼ 104 K or so.
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4.6 Kinematics

The table model does not include kinematics and therefore velocity broadening
must be applied using an intrinsic function that is part of the spectral-fitting pack-
age in use (e.g. a Gaussian convolution). A method of implementing velocity
broadening is fully described in Chapters 7 and 8.

4.7 The Ni Kα emission line

The Ni Kα line emission is not yet included in the model since the nickel abun-
dance is currently highly uncertain. Furthermore, this line emission is not com-
monly detected in AGN spectra. However, we supply calculations of the equiv-
alent width of the Ni Kα emission line in order to aid in the interpretation of
empirical fits with a Gaussian model component. We plan to include the Ni Kα
line in future implementations of the MYTORUSmodel.

4.8 Emission-line fluxes and equivalent widths

Due to the nature of the implementation of table models in XSPEC, it is not pos-
sible to directly obtain line equivalent widths and fluxes. Instead, the line flux
is calculated using the regular “flux” command, and the EWs must be calculated
manually (for details, see§7.1.4,§7.3.5.3, and§7.3.5.4).

4.9 Statistical uncertainties

Since the MYTORUSmodel is based on Monte Carlo simulations, it is has statis-
tical errors that are a complex function of the model parameters and the desired
energy resolution (see§6.2.5.1). It is important not to forget this because you will
not notice statistical noise in the spectra for most of the parameter because the sta-
tistical errors are so small. However, for the regime of veryhigh column density
(NH greater than∼ 7×1024 cm−2) and high inclination angles (edge-on) you will
notice some noise in the 5–10 keV band at the±3% level. This level of statis-
tical noise is still unprecedented for model calculations of a toroidal distribution
of matter in the edge-on, high column-density regime whenboth the absorption
and scattering optical depths are significantly greater than unity. It is unlikely that
the statistical errors on the model will be larger than the statistical errors associ-
ated with your data and the effective area calibration of theinstrument that your
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data were obtained with. In particular, the statistical precision of the MYTORUS

model is still high enough in the edge-on, high column-density regime to capture
some effects associated with the Fe K edge and Fe Kα and Fe Kβ emission lines
that could not be previously studied in a spectral-fitting context. The statistical er-
rors improve for smaller column densities and smaller inclination angles and can
be more than an order of magnitude smaller than the worst case. Even the high-
est column density (1025 cm−2) has statistical errors that are more than an order
of magnitude better than the edge-on inclination angle for the same column den-
sity. Note that the Monte Carlo results upon which the MYTORUSmodel is based
have a higher accuracy than those in Murphy & Yaqoob (2009) due to several
improvements. More accurate algorithms for the calculation of escape distances
were developed, photon rays with weights were employed instead of using single,
discrete photons, and the the statistical errors on the emergent spectra are smaller.

4.10 What the model does not include

Our model does not include, for example, the following components commonly
used to fit AGN spectra:

• Photoionized absorbers

• Continuum emission that does not originate in the central X-ray source (e.g.
optically-thin scattered and/or thermal emission)

• Relativistic emission lines

• Disk-reflection continuum emission

While such components can be used in combination with our model, you should
be aware of the many related caveats (see Chapter 8 and Chapter 9for details).
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MYTorus Zeroth-order Continuum

5.1 General Properties

The zeroth-order continuum is comprised of those incident continuum photons
that escape the torus without any interaction with it. The detailed meaning of the
zeroth-order continuum has been discussed in§2.2 and§3.2.1.

In this chapter we discuss important practical aspects of the implementation of the
zeroth-order continuum component of the MYTORUSspectral-fitting model.

The zeroth-order continuum is obtained by applying anenergy-dependent multi-
plicative factor, or attenuation, to the intrinsic X-ray continuum that is incident
on the torusalong the line-of-sight. It is important to realize each of the following
points.

• The zeroth-order multiplicative component of MYTORUScan be applied to
arbitrary incident continuum spectral shapes, regardless ofhowthe zeroth-
order continuum is implemented in MYTORUS. However, in most cases
you will need to set up the zeroth-order continuum to be self-consistent
with the scattered continuum and fluorescent emission-linecomponents of
MYT ORUS, in which case the incident continuum is currently restricted to
have a power-law form (but see§5.1.1 and§8.4.3).
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• The zeroth-order multiplicative component of MYTORUS is not generated
using Monte Carlo calculations, and therefore it is not subject to statistical
errors (unlike the scattered continuum and fluorescent emission-line com-
ponents of MYTORUS).

• Since the zeroth-order continuum is not generated by Monte Carlo calcula-
tions, it is not restricted to the finite angle bins that the scattered continuum
and fluorescent emission-line components are (see Fig. 3.2 and the related
discussion in Chapter 3). In principle the zeroth-order continuum can be
calculated for arbitrary inclination angles (values ofθobs) of the torus. The
zeroth-order continuum can also be calculated at arbitraryenergies.

• The zeroth-order continuum doesnotdepend on covering factor (or opening
angle of the torus) because it is a line-of-sight quantity. It doesdepend on
element abundances, however.

• The zeroth-order multiplicative component distorts the incident continuum
at all energies, not just those that are affected by absorption (see§5.2).

There are two principal ways in which the zeroth-order continuum could be imple-
mented in MYTORUS. The first is by means of a numerical code that calculates
the photoelectric absorption and Compton scattering attenuation “on the fly”, and
the second is by means of pre-calculated optical depths or attenuation factors in a
table. The former method has the advantage that arbitrary element abundances can
be employed (and therefore allowed to be free parameters). However, the table-
model implementation has the advantage of higher run-time speed because the
calculation of photoelectric and Klein-Nishina cross sections is much slower than
interpolation of pre-calculated table values. We plan to implement both methods
for MYT ORUSbut currently only the table model implementation is available (for
the cosmic abundances of Anders & Grevesse 1989).

5.1.1 When and how to use the zeroth-order spectrum

For most applications, the zeroth-order continuum will be used in conjunction
with the other components of the MYTORUSmodel (i.e. the scattered continuum
and the fluorescent emission-line spectrum). The three components work together
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Chapter 5. MYTorus Zeroth-order Continuum

to form a self-consistent model and Chapter 8 describes in detail how this is done
in practice.

One situation in which you might want to useonly the zeroth-order continuum by
itself corresponds to the case when the X-ray reprocessor subtends such a small
solid angle at the X-ray source that the scattered continuumand fluorescent line
emission can be neglected. Physically, this could represent a “ring” (or torus with
c/a ≫ 1), or even a cloud in the line-of-sight. In the latter case, the entiredistri-
butionof clouds must subtend a small enough solid angle at the X-raysource that
their contribution to the scattered continuum can be neglected. It isyour respon-
sibility to determine whether the approximation is tolerable for your particular
application.

It is also worth bearing in mind that since the zeroth-order continuum multiplica-
tive component is simply equivalent to a line-of-sight absorber with additional
attenuation due to Compton scattering, it can replace any “regular” neutral ab-
sorption model component with cosmic abundances (see also§8.4.6).

5.2 Distortion of the intrinsic spectrum

It is important to understand that the zeroth-order continuum multiplicative fac-
tor distorts the incident intrinsic X-ray continuum over a wide energy band. The
distortion is NOT due to Compton downscattering because the zeroth-order con-
tinuum photons have not interacted with the medium. At energies below∼ 20 keV
the spectral shape is determined principally by photoelectric absorption and above
∼ 20 keV it is determined principally by the form of the Klein-Nishina (total)
Compton scattering cross section (see§3.2.1 and Fig. 3.3). The effect of the latter
is to produce an effective hardening of the intrinsic spectrum at high energies, and
this is illustrated in Fig. 5.1 for an intrinsic power-law continuum with a photon
index ofΓ = 1.9, forNH = 1024 cm−2 and1025 cm−2.
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Figure 5.1:The zeroth-order continuum (red, solid curves) for an incident, intrinsic power-law
continuum (blue, solid lines) with a photon index ofΓ = 1.9, for NH = 1024 cm−2 (left) and
1025 cm−2 (right). Also shown for comparison are the results of applying theCABS model in
XSPEC (black, dotted lines) to the same incident continuum.The CABS model does not capture
the spectral hardening because the Compton scattering cross section used byCABS is an inadequate
approximation (see§5.3).

5.3 Comparison with the XSPEC “CABS” model

Results in the literature that model the line-of-sight attenuation in Compton-thick
AGN with only simple absorption completely miss the spectral hardening effect
discussed above. Even the XSPEC modelCABS does not capture the effect (even
though the “C” in CABS stands for Compton scattering). This is because the
CABS model simply assumes a constant Compton scattering cross section equal
to the Thomson cross section. However, this approximation is only valid below
∼ 10 keV (see Fig. 3.3). For a direct comparison with theMYTORUS model,
Fig. 5.1 shows theCABS model (dotted curves) applied to the same incident, in-
trinsic continuum.

5.4 Table-model implementation

In this section we describe the table-model implementationof the zeroth-order
continuum multiplicative factor (currently the only implementation). The imple-
mentation is in the form an XSPECetable or mtable which contain pre-
calculated optical depths or transmission factors respectively (the transmission
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factors having numerical values in the range 0–1). An XSPECetable is sim-
ilar to anmtable except that for the former, XSPEC negates and exponenti-
ates the table values in order to produce a multiplicative factor. The practical
usage for the two types of table is the same. Theetable is the preferred default
for reasons explained in§5.4.2. There is no velocity broadening included in the
zeroth-order tables, although it could be included using a convolution function
intrinsic to the spectral-fitting package. For most applications however, velocity
broadening will not be necessary. The available default table-model file name is
mytorus Ezero v00.fits and pertains specifically to a torus half-opening
angle of60◦ (corresponding to(c/a) = 2; see§3), and the cosmic abundances of
Anders & Grevesse (1989).

Symbolically, the zeroth-order model component of MYTORUS will be repre-
sented throughout this manual as

MYTZ(z,NH, θobs, E) (5.1)

wherez is the cosmological redshift,NH is the equatorial column density,θobs

is the inclination angle, andE is the energy (in keV). Recall that the actual line-
of-sight column density,NH,los, can be calculated for a givenNH andθobs using
Eq. 3.1.

The tables cover the rangeNH = 1022 cm−2 to 1025 cm−2 and the energy range
0.5–500 keV. It is important to understand why the value of the the inclination
angle,θobs, covers the range0◦ to 90◦. Values ofθobs that lie in the range0◦ to
60◦ do not intercept the torus. The multiplicative factor for this range ofθobs,
regardless of the value ofNH or E, is equal to unity. In other words, the zeroth-
order continuum for lines-of-sight that do not intercept the torus is simply equal
to the intrinsic, unobscured, X-ray continuum. This is physically what would
be required for most scenarios and allows theθobs parameter of the zeroth-order
component to be set equal to theθobs parameter in the scattered continuum and
fluorescent line components of MYTORUS.

The practical details of how to use the zeroth-order table inconjunction with other
model components are given in Chapter 8.
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5.4.1 Energy resolution
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Figure 5.2: The energy bin widths versus the corresponding energy bin centers in the
zeroth-order continuum component in theetable mytorus Ezero v00.fits andmtable
mytorus Mzero v00.fits (see§5.4.1).

Since the zeroth-order continuum component of MYTORUS can in principle be
calculated for arbitrary energies, the energy resolution of the table-model imple-
mentation is simply given by the energy bin widths. For reference, the energy bin
widths are plotted against the corresponding energy bin centers in Fig. 5.2. Below
10 keV the energy resolution is better than 7 eV.

5.4.2 WARNING: etable and mtable anomalies

Theetable implementation for the zeroth-order continuum is the default but it
is important to be aware of the fact that if an energy is specified that lies outside
the valid range of theetable, XSPEC assigns an optical depth of zero. The data
should never extend beyond the valid energy range of the table (see§5.4.3) but
the “plot model” command in XSPEC may plot the model beyond the specified
energy range, resulting in a plot that may be incorrecteven in the valid energy
range(see§8.5). Moreover, we know of at least one version of XSPEC that does
not correctly handle theetable (XSPEC version 12.3.1x that was released with
ftools 6.3.2), in that it treated theetable as anmtable. If you are unsure
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Figure 5.3:The anomalous zeroth-order continuum spectrum (black, solid curve) obtained from
interpolation of themtable values inmytorus Mzero v00.fits when the specified incli-
nation angle,θobs, lies in theθobs interval that has a boundary at the surface of the torus. In this
example, the intrinsic X-ray continuum is a power law with a photon index,Γ = 1.9 (dotted line),
θobs = 61◦ andNH = 1024 cm−2. For comparison the spectrum obtained from interpolation of
theetable values in (mytorus Ezero v00.fits) for this inclination angle is shown in red.
The bin boundary is at61.09◦ so any value ofθobs greater than this willnotshow the anomaly for
themtable. See§5.4.2 for details.

of the validity of your results you should cross-check with themtable version
of the zeroth-order continuum.

The mtable implementation for the zeroth-order continuum itself shows
anomalous behavior of a different kind, which we describe inthe remain-
der of this section. In themtable implementation of the zeroth-order con-
tinuum, the spectrum for a given value ofθobs is obtained by interpolation
of values between the twoθobs bin values that bracket the specified value
of θobs. The file mytorus Mzero v00.fits has 31θobs values between
θobs = 60◦ and 90◦ spaced at equal intervals iscos θobs (actually the file
mytorus Ezero v00.fits also has the same intervals). For theθobs inter-
val that has one boundary that corresponds to the “edge” of the torus (i.e. if
that boundary value is60◦ in the default model), the interpolation is problematic.
This is because XSPEC will calculate the zeroth-order spectrum by forming a
weighted sum of both obscured and unobscured continua. An example of such a
spectrum is shown in Fig. 5.3, forNH = 1024 cm−2 andθobs = 61.0◦. The black,
solid curve shows the anomalous spectrum when themtableis used in XSPEC,
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and the red curve shows the exact spectrum calculated forθobs = 61.0◦ by in-
terpolating on the line-of-sigh column densityusing the etable model file. The
boundaries of the bin at the edge of the torus are at60◦ and61.09◦, so any value
of θobs greater than61.09◦ will not show the anomaly. Themtablemodel file
mytorus Mzero v00.fits has the default “soft” lower limit onθobs set at
61.1◦. In some ways the anomalous behavior near the edge of the torus may ac-
tually be desirable, since the boundary of a real toroidal reprocessor in an AGN is
unlikely to be as clearly defined as that of a mathematical torus. In other words,
the spectrum from a “fuzzy” surface may actually be more physically relevant.
Note that the form of the anomalous spectrum is similar to partial covering.

5.4.3 WARNING: Respect the valid energy range of the model

It is important to realize that the provided XSPEC tables forthe zeroth-order con-
tinuum will extend to an energy of 500 keV,even though some of the tables for the
scattered continuum have termination energies lower than 500 keV. Although this
may sound self-evident, it is vitally critical that you do not extend the energy range
of a spectral fit to energies aboveET for anycomponent of the MYTORUSmodel,
even if it is only for plotting purposes, because the resultswill not be correct. It
is also important to manually restrict the lower energy bound of the data because
XSPEC will assign incorrect values to the model outside the valid energy range.
Currently the lower bound for which the MYTORUS model is valid is 0.5 keV.
Even if you have correctly set the energy bounds for your data, the “plot model”
command in XSPEC may plot the model outside the valid energy range, resulting
in spectral plots that are incorrect (see§8.5).
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MYTorus Scattered Continuum

6.1 General Properties

In this chapter we describe the scattered continuum component of the MYTORUS

model. We begin with the basic definitions and terminology, summarizing the
main features of the scattered continuum spectrum. We also discuss some general
issues pertaining to the application of a self-consistent model of X-ray reprocess-
ing to real data. In this section we summarize the salient Monte Carlo results. In
§6.2 we discuss some more practical issues involved in turning the Monte Carlo
results into a useable spectral-fitting model. We also describe the specific details
of the implementation of the spectral-fitting model.
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Figure 6.1: Scattered spectra for an input power-law continuum withΓ = 1.9
(dashed line). Spectra for the face-onθobs bin (bin 1 – dotted curves; see
Table 3.1) and edge-onθobs bin (bin 10 – solid curves; see Table 3.1) are
shown for NH = 5 × 1023 cm−2 (top left), 1024 cm−2 (top right), 5 ×

1024 cm−2 (bottom left), and 1025 cm−2 (bottom right). The zeroth-order spectrum for
the edge-onθobs bin is shown (dot-dashed curves) for eachNH.

6.1.1 Dependence on model parameters

The scattered continuum depends primarily onNH, θobs, the shape of the
intrinsic continuum, the torus opening angle (and therefore covering factor),
and element abundances. For the MYTORUS model with a half-opening an-
gle of 60◦ ([∆Ω/(4π)] = 0.5) and the cosmic abundances of Anders &
Grevesse (1989), we show just a few of the scattered spectra for illustra-
tion in Fig. 6.1. The spectra for the face-onθobs bin (bin 1 – dotted
curves; see Table 3.1) and edge-onθobs bin (bin 10 – solid curves; see Ta-
ble 3.1) for NH = 5 × 1023 cm−2 (top left), 1024 cm−2 (top right), 5 ×
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1024 cm−2 (bottom left), and 1025 cm−2 (bottom right) for an input power-law
continuum withΓ = 1.9 (dashed line) are shown. The zeroth-order spectrum
for the edge-onθobs bin is also shown (dot-dashed curves) for eachNH. From
Fig. 6.1 we see that the Compton hump, as expected, begins to appear for column
densities of∼ 1024 cm−2 and higher and is stronger for the edge-on spectra (solid
curves) since the photons that are scattered into the edge-on angle bin in general
pass through a larger Compton depth than those that are scattered into the face-on
angle bin (dotted). The relative magnitude of the Compton hump depends onΓ as
well asNH, the hump being stronger for flatter incident spectra. The relative mag-
nitude of the Compton hump also depends on the inclination angle of the torus,
but for lines of sight that do not intercept the structure, the dependence is weak.

At low energies, although the continuum is diminished, we donot see a complete
extinction of the spectrum. At high energies, we find that thespectra for the face-
on angle bin cut off at lower energies than those for the edge-on angle bin. In our
particular geometry, photons emerging in the face-on anglebins are dominated by
back-scattering (which incurs the largest Compton energy shifts). There is also a
diluting effect due to the zeroth-order contribution to thereprocessed spectra in
the angle bins that intercept the torus. ForNH less than∼ 5 × 1024 cm−2, the
edge-on reprocessed spectra are dominated by the zeroth-order photons above a
few keV. However, we find that, for highNH values (greater than∼ 5×1024 cm−2)
even the edge-on high-energy spectra are cut off belowET (since the zeroth-order
photons no longer dominate).

The scattered spectrum contains imprints of the atomic absorption cross sections
in terms of discontinuities at the K and L absorption-edge threshold energies.
For the abundant elements these “edge depths” may be measurable. However,
the absorption-edge depths cannot be trivially related to the element abundances.
This is because the edge depth in the emergent spectrum depends on the detailed
radiative transfer, and therefore on the geometry, inclination angle, and column
density (amongst other factors). Further discussion of thedependence of the scat-
tered continuum on covering factor and element abundances can be found in Chap-
ter 9.

The Fe K absorption edge can be a very prominent feature of thescattered and
zeroth-order spectrum, especially for a Compton-thick X-ray reprocessor. The
observed Fe K edge shape (as a function of energy) in the scattered continuum
is affected by Compton scattering (this is not of course not true of the zeroth-
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order continuum). Compton scattering broadens the Fe K edge feature and gives
it additional structure. Moreover, when the column densityof the torus is much
larger than∼ 5×1024 cm−2, edge-on inclination angles give a scattered continuum
spectrum that is strongly biased for the escape of back-scattered photons, so that
theapparentdiscontinuity in the Fe K edge is shifteddownin energy by∼ 0.1 −

0.2 keV.

6.1.2 The low-energy scattered continuum

As described in§3.2.2, the scattered spectrum below a certain energy is calcu-
lated using an elastic scattering approximation and therefore does not contain any
energy shifts. In our implementation, we utilize a cross-over energy between the
elastic approximation and the full Monte Carlo results of 5.0keV. The scattered
spectra in Fig. 6.1 illustrate the continuity between calculations in the two energy
ranges (see Murphy & Yaqoob 2009 for more details).

6.1.3 The high-energy scattered spectrum

As described in§3.2.3, the scattered spectra show an observed high-energy cutoff
that occurs at lower energies than the termination energy ofthe intrinsic power law
continuum, due to Compton downscattering (see Fig. 6.1). Green’s functions must
be calculated for incident energies that are higher than thehighest energy that we
require for the final spectra since photons are always down-shifted in energy in the
electron rest-frame. Recall that the zeroth-order spectrumalso imparts additional
curvature to the high-energy spectrum (see Chapter 5). The current implementa-
tion of the MYTORUSmodel assumes an intrinsic power-law continuum that ter-
minates at a particular energy,ET . Although this is an approximation, it is likely
to be more physical than an exponentially-decaying power law (see§3.2.3). For
the current table model implementation, there are several tables that are available
for the scattered continuum, each with a different power-law termination energy
(see§6.2.5). You should not introduce an additional, ad hoc, exponential cutoff to
the model because it is not physical and it does not preserve the self-consistency
of the MYTORUSmodel.
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You may notice some “kinks” or “waviness’ in parts of the scattered continuum
at the highest energies. This is partly due to the abrupt termination energy of the
incident continuum (ET ) but it is also partly due to physics and to that extent,
the features arenot artifacts. The absolute shift in the energy of a photon un-
dergoing Compton scattering, when its energy is comparable to mec

2, can be a
large fraction ofmec

2. For example, a photon with initial energy 500 keV can be
shifted in energy by 0 to 331 keVin a single scattering, depending on the scat-
tering angle. Contrast this with a maximum shift of∼ 0.1 keV for a photon with
an initial energy of 5 keV. This means that a large energy bandfrom ET , down
toET/[1 + (2ET/511)], may be dominated by the first Compton scattering, even
for Compton-thick matter. At lower energies, the spectrum may be “smoothed
out” by multiple scatterings but at the highest energies there are no photons from
higher energies to smooth out the spectrum in that way. To some extent, a more
gradual cutoff in the incident spectrum would give a smoother scattered spectrum,
but the highest energy portion willstill be dominated by the first scattering, simply
because the energy shifts are such a large fraction ofmec

2 in that regime.

6.2 Implementation as a spectral-fitting model

In this section we describe specific choices and methods employed to implement
the MYTORUS scattered continuum Monte Carlo results as part of a spectral-
fitting model. The first major decision is whether the spectral-fitting implementa-
tion should calculate integrated spectra “on the fly” from the “raw” Monte Carlo
results or whether it should interpolate on pre-calculatedspectra. The former
would allow the use of arbitrary input spectra but the latterwould not. However,
calculation of integrated spectra “on the fly” is much slowerthan interpolation of
pre-calculated spectra. Eventually, the MYTORUS model will be implemented
with both options but for the current release we chose the method of interpolation
of pre-calculated spectra for the sake of fast run-times forspectral-fitting and error
analysis.

The interpolation of pre-calculated spectra could be implemented either as a code
or directly as an interpolation table, such as an XSPEC “atable” model. The
latter has faster run times and this is the form of the implementation in the current
release of MYTORUS.
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No matter which of the above methods is actually used in the implementation,
there are several important issues that are common to any method and these are
discussed in turn below.

6.2.1 Energy offset

No instrument has a perfectly calibrated energy scale. The Fe K absorption edge
in the MYTORUS can be a significant feature of the spectrum and this can make
a spectral fit very sensitive to errors in the energy scale calibration. It is not only
sharp absorption features that are sensitive to the energy scale calibration but the
shape of the broadband spectrum itself can also be sensitiveto the calibration.

An energy offset parameter for the scattered continuum could in principle be in-
cluded in implementations of MYTORUS for spectral fitting applications. If the
spectral-fitting model is implemented as a code the energy offset can be applied
as a function of one or more additional model parameters. However, if the model
is implemented as an interpolation of pre-calculated spectra then an energy offset
has to be included as another dimension of the interpolationtable, or else different
tables must be made for different offsets.

There are other reasons why an energy offset might be needed.That is, the ab-
sorption edge energies in the actual data for an astrophysical source may not in
fact correspond to the rest-frame energies used in the MonteCarlo calculations.
Our Monte Carlo results were calculated assuming strictly neutral material. In
reality the material may be mildly ionized, resulting in slightly different energies
for atomic features such as absorption edges or emission lines. Doppler and/or
gravitational shifts can also change the edge energies. Obviously, in any of these
scenarios, the physics in the model will no longer be correctand the allowance of
an energy shift in the spectrum would simply be an empirical compensation. Cur-
rently, there is not yet a provision in the MYTORUS model to include an energy
offset for the scattered continuum (although it is includedfor the fluorescent-line
spectrum – see Chapter 7). In the meantime, one can adjust the cosmological
redshift parameter to mimic an energy offset, although thisis not a satisfactory
solution. It isyour responsibility to determine whether the errors incurred inthe
process of applying an empirical energy shift are tolerable, given the statistical
quality of the data, the particular application, and any other relevant factors.
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6.2.2 Velocity broadening

As already mentioned, the Monte Carlo results do not include kinematic infor-
mation but this can be implemented in an empirical fashion byconvolving the
emission-line spectrum with a velocity-broadening function. This is of course not
physical but this does not compromise the application for which MYTORUSis de-
signed. In fact, for most applications it may be possible to neglect velocity broad-
ening of the scattered continuum altogether (but in generalit cannot be neglected
for the fluorescent emission-line spectrum– see Chapter 7). It is your responsibil-
ity to determine whether the errors incurred in neglecting velocity broadening of
the scattered continuum are tolerable, given the statistical quality of the data, the
particular application, and any other relevant factors.

If the spectral-fitting model is implemented as a code, the velocity-broadening
could be calculated “on the fly” with a suitable function included in the code.
If the spectral-fitting model is implemented as an interpolation on pre-calculated
spectra, the velocity-broadening could either be includedin the pre-calculated
spectra, or it could be applied using a convolution functionthat is intrinsic to the
spectral-fitting package.

6.2.3 Relative normalization of the scattered spectrum

The scattered continuum in the MYTORUS model is calculated on the basis of a
specific set of assumptions (see Chapter 3 for details). In particular, the current
calculations pertain only to a toroidal half-opening opening angle of60◦ and the
cosmic element abundances of Anders & Grevesse (1989). In practice real data
from a real source of course will not correspond to the exact assumptions that
went into the model, including the exact toroidal geometry (see also§2.6). In
particular, literal use of our Monte Carlo results implicitly assumes a steady-state
situation so that there are no time lags affecting the magnitude of the scattered
continuum relative to the incident continuum normalization and relative to the
zeroth-order continuum. Therefore an extra degree of freedom is needed to fit real
data. For this purpose, we use a free parameter which is a scalar that is a mul-
tiplicative factor applied to the scattered continuum. Throughout this manual we
refer to this relative normalization factor for the scattered spectrum asAS. This
parameter,AS, changes the normalization of the scattered continuum relative to
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the intrinsic continuum and the zeroth-order continuum, compared to the steady-
state value calculated with all of the model assumptions described in Chapter 3.
Future enhancements to MYTORUSwill include extension of the parameter space
for the toroidal opening angle and element abundances. However, even with such
extensions, time delays between the scattered continuum and intrinsic continuum
variations in real data may affect the relative normalization,AS. Such time de-
lays are not knowna priori and cannot be determined from a single time-averaged
spectrum. Time delays between the scattered continuum and intrinsic continuum
variations can only be determined by time-resolved spectroscopy of extensive data
sets from targeted monitoring campaigns, and these are extremely rare. Compli-
cating matters further is the fact that the zeroth-order continuum doesnot suffer
the time delays that the scattered continuum does, but rather follows variations in
the intrinsic continuum. Direct spectral deconvolution ofthe scattered and zeroth-
order continua may in practice be difficult or impossible.

In summary, the relative normalization parameterAS embodies a wealth of un-
known and degenerate information in a single scalar value. The interpretation of
any derived range forAS from spectral-fitting to real data is therefore highly non-
trivial. It is your responsibility to carefully interpret the meaning ofAS taking
due consideration of all relevant information pertaining to the data and to the as-
trophysics of the source in question. In particular,under no circumstances should
the parameterAS be interpreted directly as a measure of the covering factor or
relative element abundance. In most cases a unique interpretation ofAS will not
be possible without other supporting evidence and you should not hesitate to say
so in a paper.

As tempting as it may be,do not try to derive a relationship or correspondence be-
tweenAS and the standard “reflection fraction” (R) of the disk-reflection model.
Such a comparison is devoid of physical meaning. Also note thatR is not a cov-
ering factor either, contrary to statements in hundreds of papers in the literature.
You cannot simply scale the reflection spectrum up and down and call the scal-
ing factor a covering factor. The magnitude and shape of the scattered spectrum
depends on many factors, including geometry, abundances, angular distribution
of the illuminating continuum, and the inclination angle ofthe system. In fact
the disk-reflection spectrum itself depends on the disk-inclination angle, soR it-
self depends on the inclination angle. However, the disk inclination angle has no
meaning in the context of modeling obscuration in AGN, yet itis usually fixed at
some arbitrary value and hidden from view. In such a scenariothe column den-
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sity in the model cannot be related toR, even thoughR is supposed to model
scattering in the absorber, because the model is not physical. Therefore, there is
absolutely no value in trying to relateAS toR.

6.2.4 Watch out for “wild normalization” situations

It is important to understand that if the data do not have any signature of the in-
trinsic continuum, no model can ever constrain the normalization of the scattered
continuum relative to the intrinsic continuum. This can happen in a variety of
situations. For example, if the observed spectrum of an astrophysical source is
dominated by reflection in the bandpass of the instrument, the intrinsic continuum
may not be observable anywhere in the bandpass. In such situations, there will
be too many normalizations in the model, leading to severe degeneracy and ulti-
mately a lack of convergence of spectral fits. One of the normalization parameters
of the model will then have to be frozen. In general it is not possible to knowa
priori if the scattered to intrinsic continuum normalization ratio cannot be con-
strained by the data so several iterations of examining the behavior of the various
fit parameters may be necessary.

6.2.5 Table-model implementation (power-law continuum)

In this section we describe the table-model implementationof the scattered con-
tinuum (currently the only implementation). The implementation is in the form
of XSPEC “atables” which contain pre-calculated spectra for a power-law in-
cident continuum. There is no velocity broadening includedin the scattered con-
tinuum, although it could be included using a convolution function intrinsic to the
spectral-fitting package. For most applications however, velocity broadening will
not be necessary for the scattered continuum. The relative normalization parame-
ter,AS, is implemented using the XSPEC model componentCONSTANT, applied
as a multiplicative factor. It is important to realize that for the purpose of interpo-
lation of the spectra, the midpoints of the cosines of theθobs angle bins are used,
and this involves special treatment of the boundaries of thefirst and last angle bins
(see§3.1.1). The full set of scattered continuum tables currently available is given
in Table 6.1.
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Table 6.1: Scattered continuum XSPEC tables

Name Termination Energy (ET )a

(keV)

mytorus scatteredH500 v00.fits 500
mytorus scatteredH400 v00.fits 400
mytorus scatteredH300 v00.fits 300
mytorus scatteredH200 v00.fits 200
mytorus scatteredH160 v00.fits 160
mytorus scatteredH100 v00.fits 100

a The termination energy of the incident power-law continuum.

Symbolically, the scattered spectrum in the tables will be represented throughout
this manual as

MYTS(z, Ai,Γi, NH, θobs, E) (6.1)

wherez is the cosmological redshift,NH is the equatorial column density,θobs is
the inclination angle, andE is the energy (in keV). The incident continuum could
in principle be composed of more than one power-law spectrumandAiE

−Γi is
the ith continuum component. IfAi is in units ofphotons cm−2 s−1 keV−1 the
scattered spectrum will have the same units. In other words,if Ai in the scattered
spectrum is forced to be the same parameter as the normalization of the incident
power-law continuum component, MYTS (i.e. the model table spectrum) will be
correctly normalized for that continuum. In XSPEC language, the parameterAi in
the incident continuum model component must be tied together with the parameter
Ai that is the scattered continuum table model normalization.

The table model for the scattered continuum, plus the relative normalization of the
scattered continuum (AS) can be set in XSPEC as follows.
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XSPEC>mo constant*( atable{mytorus_scatteredH500_v00.fits} )

Here the XSPECatable mytorus scatteredH500 v00.fits is used an
example (see Table 6.1). A more detailed and practical description of how to set
up the model with other model components is given in Chapter 8.

6.2.5.1 Energy resolution and statistical accuracy

The energy resolution of the scattered continuum is not simply a matter of examin-
ing the energy bin widths in theatables. Rather, the energy resolution depends
on the details of the original Monte Carlo calculations that were used to make
the tables. The effective energy resolution trades off against the desired statistical
accuracy and is a complex relationship. Obviously, one could increase statistical
accuracy by sacrificing energy resolution. The worst-case scenario for both energy
resolution and statistical accuracy is that of a torus with an edge-on inclination,
with a column density of1025 cm−2, below 10 keV. In that case the statistical ac-
curacy is3% or better for an energy resolution in the range 1–100 eV. The energy
resolution is variable in order to treat absorption edges, especially those due to
the Fe and Ni K-shells, for which the resolution is∼ 10 eV. However, recall that
below 5.0 keV and elastic scattering approximation is used,which limits the en-
ergy resolution to∆E ∼ 2[E( keV)]2 eV (i.e.∼ 0.5 − 50 eV in the 0.5–5.0 keV
band). The absorption edges below 5.0 keV should be more smeared than they are
in the model, over an energy interval of∆E. At high energies the effective energy
resolution in our model becomes increasingly more coarse, being∼ 20 keV at
500 keV. We point out that for column densities less than1025 cm−2 and lower
inclination angles, the statistical accuracy of MYTORUScan be an order of mag-
nitude or morebetter than the worst-case scenario outlined above. In addition,
the energy-resolution of the fluorescent emission-line spectrum in the MYTORUS

model is even better than that of the scattered continuum (see §7.3.5.1). We have
ensured that below 10 keV the energy resolution of MYTORUS is suitable for the
calorimeters to be flown onAstro-H, and that above 10 keV the energy resolution
is sufficiently good for data from past and current high-energy X-ray detectors, as
well as those planned for the foreseeable future.
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6.2.6 WARNING: Respect the valid energy range of the model

We repeat the warning from§5.4.3 since it is so critical. That is, the provided
XSPEC tables for the zeroth-order continuum will extend to an energy of 500 keV,
even though some of the tables for the scattered continuum have termination ener-
gies lower than 500 keV. Although this may sound self-evident, it is vitally critical
that you do not extend the energy range of a spectral fit to energies aboveET for
anycomponent of the MYTORUSmodel, even if it is only for plotting purposes,
because the results will not be correct. It is also importantto manually restrict the
lower energy bound of the data because XSPEC will assign incorrect values to the
model outside the valid energy range. Currently the lower bound for which the
MYT ORUS model is valid is 0.5 keV. Even if you have correctly set the energy
bounds for your data, the “plot model” command in XSPEC may plot the model
outside the valid energy range, resulting in spectral plotsthat are incorrect (see
§8.5).
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MYTorus Fluorescent
Emission-Line Model

7.1 General Issues

In this chapter we describe the fluorescent emission-line components of the MY-
TORUSmodel. We begin with the basic definitions and terminology, summarizing
the main features of the fluorescent emission-line spectrum. We also discuss some
general issues pertaining to the application of a self-consistent model of X-ray re-
processing to real data, when line emission is included. In§7.2 we summarize the
salient Monte Carlo results, giving some key plots of EW and flux of the emis-
sion lines as a function of the other model parameters. In§7.3 we discuss some
more practical issues involved in turning the Monte Carlo results into a useable
spectral-fitting model. We then describe the specific details of the implementation
of the spectral-fitting model.

7.1.1 The zeroth-order emission-line components

The zeroth-order components of the fluorescent emission lines refer to line pho-
tons that escape without any interaction with the medium that they were created
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in. Although they are emitted by atoms/ions isotropically,the angular distribu-
tion of the emerging zeroth-order line photons in general depends on the geom-
etry, unless the medium is optically-thin to the line photons. The zeroth-order
line photons constitute the majority of photons in an emergent emission line (see
§7.1.3), and they all have the same energy in the Monte Carlo results because they
have not interacted with the medium. When velocity broadening is applied to the
zeroth-order line emission the photon energies are of course modified to reflect the
distribution of the broadening function. Most of the fluorescent X-ray emission
line measurements in the literature that have been modeled with simple Gaussian
functions correspond to the zeroth-order of the emission line. However, depend-
ing on the spectral resolution of the instrument, some of themeasured flux of this
line core may include a contribution from the Compton-scattered line photons (or
Compton shoulder) since the scattered line component consists of photons with
a range of energies going all the way up to the zeroth-order line energy. In most
cases the latter energy corresponds to the centroid energy of the line core. In the
MYT ORUS spectral-fitting model the zeroth-order and scattered components of
the emission lines are strictly tied to the other parametersof the model (NH, θobs,
Γ) so there is no need for an extra parameter as is the case for adhoc models. If
you compare the results of applying the MYTORUSto results in the literature that
were obtained using ad hoc models you must scrutinize precisely which compo-
nents of a line were actually measured with the ad hoc model.

7.1.2 The scattered components of the emission lines (Comp-
ton shoulders)

We refer to fluorescent emission-line photons that escape the medium after at
least one interaction as the scattered component of the line. Compton scattering
shapes the energy distribution of the scattered line photons. However, the final
scattered line profile depends on the geometry, orientation, and column density
distribution of the medium because the escape probabilities after scattering may be
highly directional. Some details of the scattered line profiles as a function of other
parameters in the MYTORUS model are discussed further in§7.1.4.3 and§7.2.6.
In cold matter, the scattered photon distribution resulting from thenth scattering
has a spread in energy fromE0 (the rest-frame zeroth-order line energy), down to
511/[(511/E0 keV)+2n]. The number of photons in each scattering is diminished
compared to the number in the previous scattering. The exactdependence of the
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relative number of photons in each scattering, and therefore of the measurable
width of the scattered distribution, is a function of the other model parameters. If
the optical depth to absorption of the line photons is much greater or much less
than unity, only the first scattering may dominate. Even for intermediate optical
depths the third scattering is negligible in flux compared tothe first scattering.
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Figure 7.1: Illustration of our definition of the Compton shoulder for anemission line, com-
pared with the definition “CS1”. Our definition (“full shoulder” in the figure) includes ALL of the
scattered line flux, but “CS1” includes all of the flux only in the energy interval of the first scat-
tering. Note that no velocity broadening has been applied. When velocity broadening is applied,
ad hoc models will confuse line flux from the zeroth-order andthe Compton shoulder (regardless
of definition). The vertical dotted lines in the figure illustrate this by showing the energy width
corresponding to±1000 km s−1 either side of the zeroth-order line energy. See§7.1.2 and§7.1.3
for further details.

The scattered component of the emission line is often referred to as the “Compton
shoulder”. However, this term has been used in the literature in more than one
way, which could be confusing if you are not aware of the distinctions. The most
common usage refers to the line flux between the energy extrema of the first scat-
tering,which includes some contributions from all scatterings. This is because the
contributions from different scattering orders cannot be measured separately. This
is referred to as “CS1” (e.g. see Matt 2002), and is illustrated in Fig. 7.1. Some
literature may refer to only the first scattering as the Compton shoulder, but this of
course can only have a theoretical context. A third definition, which is the one we
use here and throughout this manual, is that the Compton shoulder includesall of
the scattered line flux, for all scatterings (see Fig. 7.1). This is the most appropri-
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ate definition for a model such as MYTORUS which self-consistently calculates
the zeroth-order and the entire scattered line profile and does not allow the rela-
tive fluxes of the two components to vary in an ad hoc fashion. Definitions such
as CS1 are not necessary because there is no need to fit the scattered component
of an emission line separately. You shouldnot attempt to compare fits with MY-
TORUSwith results in the literature that were obtained by fitting Gaussian model
components to the Compton shoulder. The Compton shoulder is not Gaussian and
for most of the parameter space it is not even approximately Gaussian.

7.1.3 Ratio of the Compton shoulder flux to the zeroth-order
line flux

The relative magnitude of the zeroth-order and scattered line components is fixed
by the physics and geometry and you will not be able to vary it in the MYTORUS

model. Nevertheless, in order for you to see at a glance whether the Compton
shoulder is going to be important for your particular data set, in Fig. 7.2 we show
that ratio of the Compton shoulder flux to the zeroth-order line flux as a function
of NH for two different values ofθobs (corresponding to the face-on and edge-on
inclination angle bins –see Table 3.1 ). The calculations inFig. 7.2 were made for
an incident power-law continuum with a photon index of 1.9. It can seen that the
ratio peaks atNH ∼ 2 − 3 × 1024 cm−2, reaching a maximum of∼ 0.29 (face-
on), and∼ 0.37 (edge-on). See Matt (2002) for discussion and details concerning
other geometries.

Note that the relative strength of the Compton shoulder compared to the zeroth-
order emission line and the shape of the Compton shoulderdodepend on the shape
of the incident continuum spectrum. For a power-law continuum, this means that
the scattered to zeroth-order flux ratio and the shape of the Compton shoulder
depend on the power-law photon index,Γ (see§7.1.4.3).

In practice it may not actually be possible to observationally distinguish the
zeroth-order component of an emission line from its Compton shoulder. The
finite energy resolution of the instrument and/or the velocity broadening (of all
the emission-line components) may confuse the two components of a line. This
is illustrated in Fig. 7.1 with dotted lines placed at energies corresponding to
±1000 km s−1 either side of the zeroth-order line energy. Having said that, you
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will never need to observationally distinguish between thezeroth-order compo-
nent of an emission line from its Compton shoulder with the MYTORUS model
because it is a self-consistent model. However, it is important to be aware of the
“mixing” for the interpretation of spectral-fitting results.
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Figure 7.2: The ratio of the scattered flux to the zeroth-order flux in Fe Kα line from the
MYT ORUS model, as a function ofNH (for Γ = 1.9). Shown are curves for the face-on (lower
curve) and edge-on (upper curve) inclination-angle bins. See text in§7.1.3 for further details.

7.1.4 The fluorescent line EW and flux

7.1.4.1 The line EW and flux in ad hoc models

When modeling emission lines with ad hoc model components such as Gaus-
sian functions, the line intensity and EW are free parameters, independent of
any model parameters that pertain to the continuum or obscuring matter that pro-
duces the line. Aside from the fact that one loses physical information when the
emission-line components are ad hoc, great care must be exercised in obtaining
the correct EW and flux of the emission lines. This is partly because one is forced
to place an emission-line model component either “behind” or “in front of” the ab-
sorbing matter (that presumably produces the line). For example, in the language
of XSPEC, one could have:
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phabs(1) * ( zpo(2) + zga(2) )

or

( phabs(1) * zpo(2) ) + zga(2) .

The second expression above gives theobservedline EW and flux. However, nei-
ther of the two expressions reflect that fact that the emission line is producedin
the absorber. Moreover, the absorber component in the expressions above refers
only to the line-of-sight to the line-emitting matter. Although the second expres-
sion does give a measure of the observed line flux, it is not possible to relate it to
the absorber component in the same expression without invoking some assump-
tions (which may not be true). It should also be clear that theterm “intrinsic line
flux” or ”absorption-corrected line flux” is entirely an artifact of applying an ad
hoc model because it has no physical meaning.Only the observed line flux has
a physical meaning. Therefore, the first expression above does not give a line
flux that is physical. It may not give the correct EW either because, in a physi-
cal context, the X-ray continuum is attenuated by all of the column density in the
line-of-sight, but if the line is created in the absorber, the line should not be simply
attenuated by the line-of-sight column density.

Self-consistent models such as MYTORUS do not, by definition, suffer from the
problem described above. The reason why we have explained the problem with
ad hoc models is that you should be aware of it if you attempt tocompare line
EWs and fluxes from MYTORUSwith measurements in the literature because the
latter will most likely have been derived using ad hoc model components. The
EWs and fluxes of emission lines in sources that are Compton-thin in theline-of-
sightmay not necessarily be comparable between ad hoc models and MYTORUS

either, because the materialout of the line-of-sightmay be Compton-thick (see
discussion in§2.1).

7.1.4.2 The line EW and flux in self-consistent models

In an X-ray reprocessing model in which the fluorescent emission lines are pro-
duced self-consistently, the line EWs and fluxes are completely determined by
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the other parameters of the model. Therefore in a spectral-fitting context there
is, strictly speaking, no need for the emission-line fluxes to be free parameters.
However, in many situations, one may need to know the values of the EW and
flux explicitly for a particular line. The spectral-fitting model would then have to
be able to calculate the line EW and flux using the other model parameters and
display the values to the screen. If the spectral-fitting model is implemented as
a set of interpolation tables, it may be problematic for the spectral-fitting pack-
age. In§7.3.5 we describe the table-model implementation of the MYTORUS

emission-line spectrum in more detail and explain how the line EW and flux can
be calculated.

7.1.4.3 Dependence of the line EW, flux, and Compton shoulder on other
model parameters

The dependence of the fluorescent emission-line EWs and fluxeson the system
geometry, orientation, column density, covering factor, and element abundances
may be easily appreciated but it may not be so obvious that theEWs and fluxes
also depend on theshape of the incident X-ray spectrum. This is because high-
energy photons in the continuum can down-scatter many timesand eventually be
absorbed by an inner shell and produce a fluorescent emissionline. A hard contin-
uum will have a greater proportion of high-energy photons that are available for
this than a steeper continuum. Therefore a hard spectrum will produce a fluores-
cent line with a larger flux than a steeper spectrum. In addition, since high-energy
photons will penetrate deeper into the medium than lower energy photons, the flu-
orescent lines produced by hard spectra will have contributions from deeper in the
medium. This affects the relative strength (compared to thezeroth-order line) and
shape of the Compton shoulder.

The dependence of the zeroth-order Fe Kα emission-line flux on the incident con-
tinuum photon energy is illustrated in Fig. 7.3 which shows,for several column
densities, the number of Fe Kα emission-line photons resulting from continuum
photons centrally injected into the toroidal medium at an energyE, as a fraction of
the number of line photons resulting from continuum photonsinjected at 7.2 keV
(just above the Fe K absorption edge). It can be seen that theNH = 5×1024 cm−2

(dotted line, Fig. 7.3), andNH = 1025 cm−2 (upper solid line, Fig. 7.3) curves
break and become flatter above∼ 50 keV. In fact, at 50 keV the contribution to
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the Fe Kα line flux is still as high as 10% of the contribution at the energy of 7.2
keV. Further discussion can be found in Yaqoobet al. (2010).
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Figure 7.3:Monte-Carlo results for the number of escaping Fe Kα emission-line photons re-
sulting from monoenergetic continuum photons injected into the toroidal X-ray reprocessor of
Murphy & Yaqoob (2009) at an energyE, as a fraction of the number of line photons resulting
from continuum photons injected at 7.2 keV. Results are shown for five equatorial column densi-
ties:2×1023 cm−2 (lower solid curve),5×1023 cm−2 (dot-dashed curve),2×1024 cm−2 (dashed
curve),5 × 1024 cm−2 (dotted curve), and1025 cm−2 (upper solid curve). For each column den-
sity, the Fe Kα line photons that escape the medium are summed over all escape directions. As the
reprocessor becomes more and more Compton-thick, the relative contribution to the Fe Kα line
from high-energy continuum photons increases significantly.

If the incident spectrum is a power-law continuum the emission-line EW, flux, and
shape of the Compton shoulder will have a dependence on the power-law photon
index, Γ. This dependence, and the dependence on the other model parameters
mentioned above, will be discussed in more detail in§7.2. We caution that the
dependence of the fluorescent emission-line parameters andCompton shoulder
on Γ should not be neglected for the Fe Kα line and lines at higher energies.
Fluorescent lines with lower energies than the Fe Kα line are not yet included in
MYT ORUS. The dependence of lower energy lines onΓ is less severe because the
fractional energy shift per scattering of continuum photons is less.
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7.2 Monte Carlo results

In this section we give some graphical results from the MonteCarlo simulations
that will be useful for understanding the general behavior of the EWs and fluxes
of the fluorescent emission lines as a function of inclination angle, and column
density for an incident power-law continuum with a photon index ofΓ. Note that
all of the results here correspond to the default model with ahalf-opening angle
of 60◦ (or [∆Ω/(4π)] = 0.5), and the cosmic abundances of Anders & Grevesse
(1989). The effects of variations in the latter two assumptions will be discussed
in Chapter 9. It is also important to realize that the EW versusNH curves give
the line EW with respect to the sum of the scattered continuumfrom the torus
and the zeroth-order continuum (for non-intercepting angle bins the latter is just
the intrinsic continuum). If you include additional continuum components in a
spectral-fitting model (i.e. not from MYTORUS), the observed EW will change.

Finally, we do not give extensive discussions of the graphical results in this
section–see Murphy & Yaqoob (2009) and Yaqoobet al. (2010) for further details.

7.2.1 The fluorescent emission lines

The MYTORUSmodel is based on Monte Carlo simulations that currently include
three fluorescent emission lines (more will be added in the future). The included
emission lines are shown in Table 7.1.

Note that for neutral Fe, the Kα emission consists of two lines, Kα1 at 6.404 keV
and Kα2 at 6.391 keV, with a branching ratio of 2:1 (e.g. see Bambyneket al.
1972). In the Monte Carlo simulations these were treated as a single line with
an energy of 6.4008 keV (corresponding to the weighted mean energies of the
Fe Kα1 and Fe Kα2 lines). For the MYTORUS spectral-fitting model, the two
components of the Fe Kα line arereconstructedusing the above branching ratio
and line energies (see§7.3). The energy difference between the two components
is small enough to neglect the differences in opacities and the error incurred in this
procedure is too small to impact fitting evenAstro-H data. The ratio of Fe Kβ/
Fe Kα assumed in the model is 0.135 (see Murphy & Yaqoob 2009, and references
therein). This ratio cannot be changed in the MYTORUS spectral-fitting model,
although in the table model implementation (§7.3.5), tables with different Fe Kβ/
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Fe Kα ratios may be available in the future.

Further details on the atomic data used for the emission lines can be found in
Murphy & Yaqoob (2009) and references therein.

Table 7.1: Fluorescent emission lines in the Monte Carlo code.

Element Line K-edge energy Line Energy
(keV) (keV)

Fe Kα 7.1240 6.4008
Fe Kβ 7.1240 7.0580
Ni Kα 8.3480 7.4720

Note that the emission-line spectra produced by the Monte Carlo code do not in-
clude velocity broadening. Kinematic effects must be applied to the Monte Carlo
results. The particular approximations and methods employed will be discussed
in §7.3.
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7.2.2 Fe Kα line EW and flux

In Fig. 7.4, we show the zeroth-order EWs of the Fe Kα line as a function of
the column density of the torus,NH. The lower curves show the results for the
non-intercepting angle bins, with ascendingθobs bins from top to bottom, and the
upper curves show the results for the intercepting angle bins, with ascendingθobs

bins from bottom to top (see Table 3.1).
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Figure 7.4:The Fe Kα line equivalent width (EW) versusNH for Γ = 1.9 as calculated from
the Monte Carlo code. Curves are shown for each of the 10θobs bins (see Table 3.1). The lower
set of curves corresponds to bins 1–5 (lines-of-sight that do not intercept the torus) and the upper
set of curves corresponds to bins 6–10 (lines-of-sight thatintercept the torus). Thesolid curves
correspond to the two boundaryθobs bins (bins 1, 5, 6, and 10; see Table 3.1) for both intercepting
and non-intercepting cases.
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Figure 7.5:Ratio of the Fe Kα line equivalent width (EW) forΓ = 1.5 to the corresponding
EW for Γ = 1.9, versusNH. Curves are shown for each of the 10θobs bins (see Table 3.1). The
set of red curves corresponds to bins 1–5 (lines-of-sight that do not intercept the torus) and the set
of black curves corresponds to bins 6–10 (lines-of-sight that intercept the torus). Thesolidcurves
correspond to the two boundaryθobs bins (bins 1, 5, 6, and 10; see Table 3.1) for both intercepting
and non-intercepting cases.

Fig. 7.5 shows the ratio of the Fe Kα line EW for Γ = 1.5 to the corresponding
EW for Γ = 1.9, versusNH, for each of the inclination-angle bins (see Table 3.1).
In the Compton-thick regime, the ratio of the EWs for the non-intercepting angle
bins can be as large as∼ 1.3 and for the intercepting bins it can be as large as
∼ 1.6.
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Figure 7.6:The Fe Kα line flux versusNH for Γ = 1.9 as calculated from the Monte Carlo
code. Curves are shown for each of the 10θobs bins (see Table 3.1). The upper set of curves
corresponds to bins 1–5 (lines-of-sight that do not intercept the torus) and the lower set of curves
corresponds to bins 6–10 (lines-of-sight that intercept the torus). Thesolid curves correspond
to the two boundaryθobs bins (bins 1, 5, 6, and 10; see Table 3.1) for both intercepting and
non-intercepting cases. The normalization of the line flux corresponds to a power-law incident
continuum that has a normalization at 1 keV of1 photon s−1 cm−2 keV−1.

In Fig. 7.6 we show the Fe Kα line flux versusNH for Γ = 1.9, for each of the
10 inclination angle bins (see Table 3.1). The upper set of curves corresponds
to bins 1–5 (lines-of-sight that do not intercept the torus)and the lower set of
curves corresponds to bins 6–10 (lines-of-sight that intercept the torus). Further
discussion of the Fe Kα line flux can be found in Yaqoobet al. (2010).
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7.2.3 Fe Kβ line EW and flux

In Fig. 7.7, we show the zeroth-order EWs of the Fe Kβ line as a function of
the column density of the torus,NH. The lower curves show the results for the
non-intercepting angle bins, with ascendingθobs bins from top to bottom, and the
upper curves show the results for the intercepting angle bins, with ascendingθobs

bins from bottom to top (see Table 3.1).
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Figure 7.7:The Fe Kβ line equivalent width (EW) versusNH for Γ = 1.9. Curves are shown
for each of the 10θobs bins (see Table 3.1). The lower set of curves corresponds to bins 1–5
(lines-of-sight that do not intercept the torus) and the upper set of curves corresponds to bins 6–10
(lines-of-sight that intercept the torus). Thesolidcurves correspond to the two boundaryθobs bins
(bins 1, 5, 6, and 10; see Table 3.1) for both intercepting andnon-intercepting cases.
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Figure 7.8:The Fe Kβ line flux versusNH for Γ = 1.9 as calculated from the Monte Carlo
code. Curves are shown for each of the 10θobs bins (see Table 3.1). The upper set of curves
corresponds to bins 1–5 (lines-of-sight that do not intercept the torus) and the lower set of curves
corresponds to bins 6–10 (lines-of-sight that intercept the torus). Thesolid curves correspond
to the two boundaryθobs bins (bins 1, 5, 6, and 10; see Table 3.1) for both intercepting and
non-intercepting cases. The normalization of the line flux corresponds to a power-law incident
continuum that has a normalization at 1 keV of1 photon s−1 cm−2 keV−1.

In Fig. 7.8 we show the Fe Kβ line flux versusNH for Γ = 1.9, for each of the
10 inclination angle bins (see Table 3.1). The upper set of curves corresponds to
bins 1–5 (lines-of-sight that do not intercept the torus) and the lower set of curves
corresponds to bins 6–10 (lines-of-sight that intercept the torus).
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7.2.4 Ni Kα line EW and flux

In Fig. 7.9, we show the zeroth-order EWs of the Ni Kα line as a function of
the column density of the torus,NH. The lower curves show the results for the
non-intercepting angle bins, with ascendingθobs bins from top to bottom, and the
upper curves show the results for the intercepting angle bins, with ascendingθobs

bins from bottom to top (see Table 3.1).
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Figure 7.9:The Ni Kα line equivalent width (EW) versusNH for Γ = 1.9 as calculated from
the Monte Carlo code. Curves are shown for each of the 10θobs bins (see Table 3.1). The lower
set of curves corresponds to bins 1–5 (lines-of-sight that do not intercept the torus) and the upper
set of curves corresponds to bins 6–10 (lines-of-sight thatintercept the torus). Thesolid curves
correspond to the two boundaryθobs bins (bins 1, 5, 6, and 10; see Table 3.1) for both intercepting
and non-intercepting cases.
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In Fig. 7.10 we show the Ni Kα line flux versusNH for Γ = 1.9, for each of the
10 inclination angle bins (see Table 3.1). The upper set of curves corresponds to
bins 1–5 (lines-of-sight that do not intercept the torus) and the lower set of curves
corresponds to bins 6–10 (lines-of-sight that intercept the torus).
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Figure 7.10:The Ni Kα line flux versusNH for Γ = 1.9 as calculated from the Monte Carlo
code. Curves are shown for each of the 10θobs bins (see Table 3.1). The upper set of curves
corresponds to bins 1–5 (lines-of-sight that do not intercept the torus) and the lower set of curves
corresponds to bins 6–10 (lines-of-sight that intercept the torus). Thesolid curves correspond
to the two boundaryθobs bins (bins 1, 5, 6, and 10; see Table 3.1) for both intercepting and
non-intercepting cases. The normalization of the line flux corresponds to a power-law incident
continuum that has a normalization at 1 keV of1 photon s−1 cm−2 keV−1.
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7.2.5 Fe Kβ / Fe Kα EW and flux ratios

Although the Fe Kβ/Fe Kα ratio assumed in the Monte Carlo calculations was
0.135, the Fe Kβ/Fe Kα ratio of emission-line photons thatescapefrom the torus
may be higher than this when the medium is optically-thick toabsorption of ei-
ther of the two emission lines. This is because of the differential absorption
opacities for the Fe Kα and Fe Kβ lines. Fig. 7.11 shows the ratio of the line
fluxes, Fe Kβ/Fe Kα, for photons escaping in the face-on and edge-on angle bins,
as a function ofNH. An incident power-law continuum with a photon index of
Γ = 1.9 was used for the plot. Note that the flux ratio is different to the EW ratio
of Fe Kβ/Fe Kα, since the continuum opacity at the two line energies is differ-
ent. There is some dependence of the Fe Kβ/Fe Kα ratio (both in flux and EW)
on Γ for high column densities (greater than∼ 5 × 1024 cm−2 or so) and high
inclination angles.
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Figure 7.11:The Fe Kβ/Fe Kα flux ratio for photons escaping the torus in the face-on (red) and
edge-on (black) angle bins as a function ofNH, for Γ = 1.9. The dotted curves correspond to the
ratio of zeroth-order line components only and the solid curves correspond to the ratio of the total
line fluxes including all scatterings.
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7.2.6 The shapes of the Compton shoulders

The shape of the Compton shoulder of a fluorescent emission-line escaping from
the torus has a dependence on the column density and inclination angle of the
torus. It is also affected by the shape of the incident continuum spectrum (includ-
ing the termination energy), the covering factor (or opening angle), and element
abundances. Fig. 7.12 and Fig. 7.13 illustrate the shapes ofthe Compton shoul-
der for a power-law incident continuum withΓ = 1.9, for five column densities
(1022, 1023, 1024, 5 × 1024, and1025 cm−2) and different inclination angles of
the torus. The results shown are for the Fe Kα emission line but the Compton-
shoulder shapes are similar (for the same set of model parameters) for the Fe Kβ
and Ni Kα emission lines. The Compton shoulder shapes shown in Fig. 7.12 and
Fig. 7.13 are from the original Monte Carlo results and have novelocity broad-
ening applied to them (see§7.3 for the actual, composite, fluorescent-line spec-
tra that are used in the final spectral-fitting model). The Compton shoulders are
shown in wavelength space in units of the dimensionless Compton wavelength
shift with respect to the zeroth-order rest-frame energy ofthe emission line. In
other words, ifE is the energy of a line photon, andE0 is the zeroth-order line
energy,∆λ = (511 keV/E) − (511 keV/E0).

Fig. 7.14 shows the Compton shoulder forNH = 1025 cm−2 for the face-on and
edge-on inclination angle bins, forΓ = 1.5 andΓ = 2.5. It can be seen that al-
though the dependence is weak for the face-on angle bin, it isnot negligible for the
edge-on case. The reason for the dependence on the spectral shape of the incident
continuum was explained in§7.1.4.3. The dependence of the Compton shoulder
shape on the element abundances and the torus covering factor is currently beyond
the scope of this manual.
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Figure 7.12:The Fe Kα emission-line Compton shoulders for a power-law incident continuum
with Γ = 1.9, for five column densities (from top to bottom,NH = 1022, 1023, 1024, 5 × 1024,
and1025 cm−2) and different inclination angles of the torus (figure continues on next page). The
left-hand panels show the two extreme non-intercepting angle bins #1 (red) and #5 (black), and
the right-hand panels show the two extreme intercepting angle bins, #6 (red) and #10 (black)–
see Table 3.1. No velocity broadening had been applied.Note that in order to directly compare
the Compton shoulder shapes, the total flux for each shoulderhas been renormalized to the same
value. The line flux (in arbitrary units) is plotted against the dimensionless Compton wavelength
shift with respect to the zeroth-order rest-frame energy ofthe emission line,∆λ = (511 keV/E)−
(511 keV/E0) (see§7.2.6).
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Figure 7.13:Fig. 7.12continued.
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Figure 7.14:The Fe Kα emission-line Compton shoulders forNH = 1025 cm−2 and a power-
law incident continuum withΓ = 1.5 (solid), andΓ = 2.5 (dotted). Theleft-handpanel shows the
face-on angle bin and theright-handpanel shows the edge-on angle bin. No velocity broadening
had been applied.Note that in order to directly compare the Compton shoulder shapes, the total
flux for each shoulder has been renormalized to the same value. The line flux (in arbitrary units)
is plotted against the Compton wavelength shift with respect to the zeroth-order rest-frame energy
of the emission line,∆λ = (511 keV/E) − (511 keV/E0) (see§7.2.6).

7.3 Implementation as a spectral-fitting model

In this section we describe specific choices and methods employed to implement
the fluorescent-line Monte Carlo results as part of a spectral-fitting model. The
first major decision is whether the spectral-fitting implementation should calculate
integrated spectra “on the fly” from the “raw” Monte Carlo results or whether it
should interpolate on pre-calculated spectra. The former would allow the use of
arbitrary input spectra but the latter would not. However, calculation of integrated
spectra “on the fly” is much slower than interpolation of pre-calculated spectra.
Eventually, the MYTORUSmodel will be implemented with both options but for
the current release we chose the method of interpolation of pre-calculated spectra
for the sake of fast run-times for the spectral-fitting and error analysis.

The interpolation of pre-calculated spectra could be implemented either as a code
or directly as an interpolation table, such as an XSPEC “atable” model. The
latter has faster run times and this is the form of the implementation in the current
release of MYTORUS.
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No matter which of the above methods is actually used in the implementation,
there are several important issues that are common to any method and these are
discussed in turn below.

7.3.1 Splitting of Fe Kα into Fe Kα1 and Fe Kα2

As described in§7.2.1 the Fe Kα line flux from the Monte Carlo results is divided
amongst the two Fe Kα1 and Fe Kα2 components, with the correct branching
ratio. This splitting is applied to both the zeroth-order flux and the scattered line
spectrum (Compton shoulder).

7.3.2 Energy offset

No instrument has a perfectly calibrated energy scale. Therefore, the emission-
line centroid energies in MYTORUSneed to have some freedom to allow for en-
ergy offsets. If the spectral-fitting model is implemented as a code the energy
offset can be applied as a function of one or more additional model parameters.
However, if the model is implemented as an interpolation of pre-calculated spectra
then an energy offset has to be included as another dimensionof the interpolation
table, or else different tables must be made for different offsets.

There are other reasons why an energy offset is needed. That is, the emission-
line centroid energies in the data may not in fact correspondto the rest-frame
energies used in the Monte Carlo calculations. Our Monte Carloresults were
calculated assuming strictly neutral material. In realitythe material may be mildly
ionized, resulting in slightly different emission-line centroid energies. Doppler
and/or gravitational shifts can also change the emission-line centroid energies,
as can asymmetry of the line profiles. Obviously, in any of these scenarios, the
physics in the model is no longer appropriate and the allowance of an energy shift
in the line spectrum is simply an empirical compensation. Itis your responsibility
to determine whether the errors incurred in the process are tolerable, given the
statistical quality of the data, the particular application, and any other relevant
factors.
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7.3.3 Velocity broadening and the composite line spectrum

The spectra for each included emission line (both zeroth-order and scattered com-
ponents) are combined into one summed spectrum. As already mentioned, the
Monte Carlo results do not include kinematic information so this is implemented
in an empirical fashion by convolving the emission-line spectrum with a velocity-
broadening function. This is of course not physical but thisdoes not compromise
the application for which MYTORUS is designed. This is because it is unlikely
that evenAstro-H, which will have the best spectral resolution for Fe Kα line spec-
troscopy in the foreseeable future, will be able to distinguish different geometries
of the distant-matter Fe Kα line in AGN from its velocity profile (e.g. see Yaqoob
et al. 1993). In the current implementation of the MYTORUS model we use a
Gaussian line-broadening function, even though the line profile is unlikely to be
Gaussian, and may even be double-peaked.

If the spectral-fitting model is implemented as a code, the velocity-broadening
could be calculated “on the fly” with a function included in the code. If the
spectral-fitting model is implemented as an interpolation on pre-calculated spec-
tra, the velocity-broadening could either be included in the pre-calculated spectra,
or it could be applied using a convolution function that is intrinsic to the spectral-
fitting package.
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Figure 7.15:Effect of velocity broadening on the fluorescent emission-line spectra consisting of
the Fe Kα1, Fe Kα2, and Fe Kβ lines. A Gaussian convolution function was applied to the Monte
Carlo results for a toroidal X-ray reprocessor withNH = 1024 cm−2 (viewedface-on), illuminated
by a power-law continuum with a photon index ofΓ = 1.9. Four emission-line spectra are shown
with a FWHM of 200, 700, 2000, and 7000km s−1. Note the logarithmic flux axis: the narrower
core of the line for the smaller velocities makes the flux per keV in the core much higher than that
in the Compton shoulder.

The effect of velocity broadening on the fluorescent line spectrum (composed of
the Fe Kα1, Fe Kα2, and Fe Kβ lines) is illustrated in Fig. 7.15 (NH = 1024 cm−2,
face-on), Fig. 7.16 (NH = 1024 cm−2, edge-on), Fig. 7.17 (NH = 1025 cm−2,
face-on), and Fig. 7.18 (NH = 1025 cm−2, edge-on). A simple Gaussian function
has been employed for convolving emission-line profiles, with a FWHM velocity
that is constant with respect to energy. For each column density and inclination-
angle pair in Figs. Fig. 7.15 to Fig. 7.18, emission-line spectra are shown for
four values of the FWHM, namely200 km s−1, 700 km s−1, 2000 km s−1, and
7000 km s−1. The value of200 km s−1 is approximately the velocity resolution
that will be achieved in the Fe K band by the calorimeters aboard Astro-H. The
value of700 km s−1 is in the regime expected from the classical, parsec-scale
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torus. The value of2000 km s−1 is approximately the velocity resolution of the
Chandrahigh energy grating (HEG) spectrometer in the Fe K energy band. The
value of7000 km s−1 is approximately the velocity resolution of CCD detectors in
the Fe K band. All emission-line spectra in Fig. 7.15 to Fig. 7.18 were calculated
for an incident power-law spectrum withΓ = 1.9. Note that in some situations
velocity broadening can mask the Compton shoulders as distinguishing features
of the emission-line spectra even when the X-ray reprocessor is Compton-thick.
In fact, at a FWHM of7000 km s−1 there is no shoulder to the line profileand the
only trace of it is a slight asymmetry in the line profile. An obvious implication of
this is thatthe Compton shoulder cannot be resolved with CCD detectors(despite
some claims in the literature to the contrary). Also notice that the zeroth-order
cores for the Fe Kα1 and Fe Kα2 components cannot be distinguished as separate
components even for a FWHM as low as700 km s−1 (this has already been pointed
out in Yaqoobet al. 2001).
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Figure 7.16:Effect of velocity broadening on the fluorescent emission-line spectra consisting
of the Fe Kα1, Fe Kα2, and Fe Kβ lines. A Gaussian convolution function was applied to the
Monte Carlo results for a toroidal X-ray reprocessor withNH = 1024 cm−2 (viewededge-on),
illuminated by a power-law continuum with a photon index ofΓ = 1.9. Four emission-line spectra
are shown with a FWHM of 200, 700, 2000, and 7000km s−1. Note the logarithmic flux axis: the
narrower core of the line for the smaller velocities makes the flux per keV in the core much higher
than that in the Compton shoulder.

7.3.4 Relative normalization of the emission-line spectrum

The fluxes of the fluorescent emission lines depend, amongst other things, on the
torus half-opening angle (or covering factor) and element abundances. The abun-
dances of elements other than the element producing a particular emission line can
also affect the flux of that line. The flux of every emission line is of course also
directly related to the normalization of the intrinsic, incident continuum. Indeed,
in a self-consistent model, the absolute flux of every fluorescent line isdeter-
minedby the incident continuum normalization (amongst other things) and has
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Figure 7.17:Effect of velocity broadening on the fluorescent emission-line spectra consisting of
the Fe Kα1, Fe Kα2, and Fe Kβ lines. A Gaussian convolution function was applied to the Monte
Carlo results for a toroidal X-ray reprocessor withNH = 1025 cm−2 (viewedface-on), illuminated
by a power-law continuum with a photon index ofΓ = 1.9. Four emission-line spectra are shown
with a FWHM of 200, 700, 2000, and 7000km s−1. Note the logarithmic flux axis: the narrower
core of the line for the smaller velocities makes the flux per keV in the core much higher than that
in the Compton shoulder.

no degrees of freedom. In practice, real data from a real source of course will
not correspond to the exact assumptions that went into the model, including the
exact toroidal geometry (see also§2.6). In particular, literal use of our Monte
Carlo results would implicitly assume a steady-state situation so that there are no
time lags affecting the fluorescent-line fluxes relative to the incident continuum
normalization. Therefore an extra degree of freedom is needed to fit real data. For
this purpose, we use a free parameter which is a scalar that isa multiplicative fac-
tor applied to the composite fluorescent-line spectrum. Throughout this manual
we refer to this relative normalization factor for the fluorescent-line spectrum as
AL. Further discussion of how the fluorescent-line fluxes change for departures
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Figure 7.18:Effect of velocity broadening on the fluorescent emission-line spectra consisting
of the Fe Kα1, Fe Kα2, and Fe Kβ lines. A Gaussian convolution function was applied to the
Monte Carlo results for a toroidal X-ray reprocessor withNH = 1025 cm−2 (viewededge-on),
illuminated by a power-law continuum with a photon index ofΓ = 1.9. Four emission-line spectra
are shown with a FWHM of 200, 700, 2000, and 7000km s−1. Note the logarithmic flux axis: the
narrower core of the line for the smaller velocities makes the flux per keV in the core much higher
than that in the Compton shoulder.

from the default assumptions in the MYTORUSmodel can be found in Chapter 9.
Future enhancements to MYTORUSwill include extension of the parameter space
for the toroidal opening angle and element abundances. However, even with such
extensions, time delays between continuum and line flux variations in real data
may affect the relative normalization,AL. Such time delays are not knowna pri-
ori and cannot be determined from a single time-averaged spectrum. Time delays
between continuum and emission-line variations can only bedetermined by time-
resolved spectroscopy of extensive data sets from targetedmonitoring campaigns,
and these are extremely rare.
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In summary, the relative normalization parameterAL embodies a wealth of un-
known and degenerate information in a single scalar value. The interpretation of
any derived range forAL from spectral-fitting to real data is therefore highly non-
trivial. It is your responsibility to carefully interpret the meaning ofAL taking
due consideration of all relevant information pertaining to the data and to the as-
trophysics of the source in question. In particular,under no circumstances should
the parameterAL be interpreted directly as a measure of the covering factor or
relative element abundance. Review the analogous discussion of the relative nor-
malization of the scattered continuum (AS) in §6.2.3. In most cases a unique
interpretation ofAL will not be possible without other supporting evidence and
you should not hesitate to say so in a paper.

7.3.5 Table-model implementation (power-law continuum)

In this section we describe the table-model implementationof the fluorescent-
line spectrum (currently the only implementation). The implementation is in the
form of XSPEC “atables” which contain pre-calculated spectra for a power-
law incident continuum. The intrinsic velocity width is10 km s−1 FWHM (i.e.
essentially zero) so the table model must be combined with the XSPEC gaussian
convolution modelGSMOOTH to produce a final model in which the line width is
a free parameter. The relative normalization parameter,AL, is implemented using
the XSPEC model componentCONSTANT, applied as a multiplicative factor. A set
of tables are available for a range of values for the energy offset, between−100 eV
and+100 eV, with the incident power-law continuum extending to 500 keV (i.e.
ET = 500 keV). The dependence of the fluorescent line spectrum on the ter-
mination energy,ET , of the incident continuum can be evaluated for an energy
offset of zero, for which several tables are available with different values ofET .
It is important to realize that for the purpose of interpolation of the spectra, the
midpoints of the cosines of theθobs angle bins are used, and this involves special
treatment of the boundaries of the first and last angle bins (see§3.1.1). The full
set of emission-line tables currently available is given inTable 7.2.

Symbolically, the fluorescent line spectrum in the tables will be represented
throughout this manual as
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Table 7.2: Fluorescent line spectrum XSPEC tables

Name Energy Termination V b

FWHM

Offset (eV) Energya (keV) (km s−1)

mytl V000010nEp000H500 v00.fits 0.0 500 10
mytl V000010nEp100H500 v00.fits −100 500 10
mytl V000010nEp090H500 v00.fits −90 500 10
mytl V000010nEp080H500 v00.fits −80 500 10
mytl V000010nEp070H500 v00.fits −70 500 10
mytl V000010nEp060H500 v00.fits −60 500 10
mytl V000010nEp050H500 v00.fits −50 500 10
mytl V000010nEp040H500 v00.fits −40 500 10
mytl V000010nEp030H500 v00.fits −30 500 10
mytl V000010nEp025H500 v00.fits −25 500 10
mytl V000010nEp020H500 v00.fits −20 500 10
mytl V000010nEp015H500 v00.fits −15 500 10
mytl V000010nEp010H500 v00.fits −10 500 10
mytl V000010nEp005H500 v00.fits −5 500 10
mytl V000010pEp100H500 v00.fits +100 500 10
mytl V000010pEp090H500 v00.fits +90 500 10
mytl V000010pEp080H500 v00.fits +80 500 10
mytl V000010pEp070H500 v00.fits +70 500 10
mytl V000010pEp060H500 v00.fits +60 500 10
mytl V000010pEp050H500 v00.fits +50 500 10
mytl V000010pEp040H500 v00.fits +40 500 10
mytl V000010pEp030H500 v00.fits +30 500 10
mytl V000010pEp020H500 v00.fits +20 500 10
mytl V000010pEp025H500 v00.fits +25 500 10
mytl V000010pEp015H500 v00.fits +15 500 10
mytl V000010pEp010H500 v00.fits +10 500 10
mytl V000010pEp005H500 v00.fits +5 500 10
mytl V000010nEp000H400 v00.fits 0.0 400 10
mytl V000010nEp000H300 v00.fits 0.0 300 10
mytl V000010nEp000H200 v00.fits 0.0 200 10
mytl V000010nEp000H160 v00.fits 0.0 160 10
mytl V000010nEp000H100 v00.fits 0.0 100 10

a The termination energy of the incident power-law continuum.

b The intrinsic gaussian velocity width already applied to the table spectrum data.

MYTL(z, Ai,Γi, NH, θobs, E) (7.1)

wherez is the cosmological redshift,NH is the equatorial column density,θobs is
the inclination angle, andE is the energy (in keV). The incident continuum could
be in principle be composed of more than one power-law spectrum andAiE

−Γi is
the ith continuum component. IfAi is in units ofphotons cm−2 s−1 keV−1 the
fluorescent line spectrum will have the same units. In other words, ifAi in the flu-
orescent line spectrum is forced to be the same parameter as the normalization of
the incident power-law continuum component, theintegratedflux for each line in
MYTL (i.e. the model tables) will be correctly normalized for that continuum. In
XSPEC language, the parameterAi in the incident continuum model component
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must be tied together with the parameterAi that is the fluorescent line table model
normalization.

If we apply velocity broadening to the fluorescent line spectrum with a gaussian
convolution function, we can write the resulting spectrum as

L(z, Ai,Γi, NH, θobs, σL, E) =
∫ +∞

−∞

exp [(E − x)2/2σ2
E] MYTL(z, Ai,Γi, NH, θobs, x) dx (7.2)

whereσE is a linear function ofE in order that the velocity width is independent
of energy (sincev/c is proportional toσE/E). In XSPEC the gaussian convolution
function,GSMOOTH, has

σE = σL

(

E

6 keV

)α

(7.3)

whereσL andα are parameters of the model. Therefore we must keepα fixed
at 1.0, leavingσL as the basic line-width parameter of the XSPEC table-model
implementation of MYTORUS. The parameter itself has units of keV but we can
convert it to a velocity width using

VFWHM = 2.354c

(

σL(keV)

6 keV

)

(7.4)

= 117.7σL(eV) km s−1. (7.5)

Note that the units ofσL are different in the above two equations. Similarly, the
conversion from velocity-width toσL is given by

σL = 0.850

(

VFWHM

100 km s−1

)

eV (7.6)
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(but note that the XSPEC parameterσL must be entered in units of keV).

The table model with the gaussian velocity-broadening, plus the relative normal-
ization parameter can be set in XSPEC as follows.

XSPEC>mo constant*gsmooth( atable{mytl_V000010nEp000H500_v00.fits} )

Here the XSPECatable mytl V000010nEp000H500 v00.fits is used
as an example (see Table 7.2). A more detailed and practical description of how
to set up the model with other model components is given in Chapter 8.

7.3.5.1 Energy resolution

The bin widths in various energy ranges in the fluorescent line model tables are
given in Table 7.3, from which it can be seen that in the 5.8–7.2 keV band, the bin
width over-samples the best spectral resolution that will be available from X-ray
instrumentation in that band in the foreseeable future.

Table 7.3: Emission-line table energy bin widths

Energy Bin Width
Range (keV) (eV)

0.5–4.0 one bin
4.0–5.8 20 eV
5.8–7.2 0.4 eV
7.2–9.0 20 eV
9.0–500 one bin

However, the energy resolution of the MYTORUSfluorescent emission-line model
is not simply a matter of examining the energy bin widths in the atables.
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Rather, the energy resolution depends on the details of the original Monte Carlo
calculations that were used to make the tables. The effective energy resolution
trades off against the desired statistical accuracy and is acomplex relationship.
Obviously, one could increase statistical accuracy by sacrificing energy resolu-
tion. The worst-case scenario for both energy resolution and statistical accuracy is
that of a torus with an edge-on inclination, with a column density of 1025 cm−2. In
that case the statistical accuracy is3% or better for an energy resolution of∼ 8 eV
for the Fe Kα line Compton shoulder, comparable to the resolution achievable
by calorimeters to be flown onAstro-H. Even if the data have better resolution
than 8 eV, they must have sufficiently small statistical errors on the counts per
resolution element before they become comparable with the statistical accuracy
of the model and this will not happen for most AGN. We point outthat for column
densities less than1025 cm−2 and lower inclination angles, the statistical accuracy
of MYT ORUS can be an order of magnitude or morebetter than the worst-case
scenario outlined above. The energy resolution of the scatteredcontinuumin the
MYT ORUSmodel is different to that of the emission-line spectrum andhas been
discussed in§6.2.5.1.

7.3.5.2 Emission lines that are not included

The implementation of the MYTORUSspectral-fitting model does not yet include
the Ni Kα emission line, and nor does it include fluorescent emission lines from
any other element aside from Fe. Some other lines may be implemented in the
future but for the moment if such lines are observed in data they will have to be
fitted with ad hoc model components. Such additional components should not be
placed “behind” any absorber, but “in front”, unless you really are including an
absorber component that lies further from the central engine than the torus. (see
discussion in§7.1.4). Even then, if the absorber is Compton-thick the physics of
the final model will not in general be correct. Further discussion on including
additional model components (that are not included in MYTORUS) can be found
in Chapter 8.
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7.3.5.3 Fluorescent line flux calculation

As explained in§7.1.4.2 emission-line fluxes are not free parameters in a self-
consistent model and therefore must be explicitly calculated. In the table-model
implementation the most straight-forward way to calculatean emission-line flux
is to delete all model components except for the emission-line spectrum and use,
for example, the “flux” command in XSPEC. You must of course manually spec-
ify the appropriate energy band over which to calculate the flux and you can get
the energy boundaries from visual inspection of the model (it obviously depends
on the relative strength of the Compton shoulder and the velocity width). Alterna-
tively, you could use the convolution modelCFLUX in XSPEC but it involves the
same amount of work. Either way, the line fluxes thus obtainedwill be observed-
frame quantities in the observed energy band between the twoenergies that you
specified even though all the line parameters are in the rest frame. This observed-
frame energy band is what you see in the XSPEC model plot in terms of the
boundaries of the emission-line of interest. Observed-frame integrated fluxes are
a factor of(1 + z) smaller than fluxes in the rest-frame values (see also§8.3.1).
Statistical errors on an emission-line flux can be obtained by obtaining statistical
errors onAL and scaling the best-fitting line flux with these. Alternatively, the
statistical errors can be obtained directly if you use the XSPEC modelCFLUX.

It is important to note that the MYTORUS emission-line fluxes will include the
scattered components of the lines (Compton shoulders) even at the line cores. This
is another reason for exercising caution when comparing line fluxes obtained using
MYT ORUSwith corresponding line fluxes in the literature that were obtained by
fitting ad hoc models. Empirical fits with single, Gaussian model components
may under-estimate the observed line flux. Spectral fits thatattempted to model
the Compton shoulder with an ad hoc Gaussian component are notcomparable
because the Compton shoulder never even resembles a Gaussianshape.

7.3.5.4 Fluorescent line EW calculation

The facility to calculate the EW of a fluorescent emission line in the MYTORUS

model is not provided because in a typical application therewill be more than
one choice about the continuum component to use for the EW calculation. You
must be clear about which continuum component you want to useand you must
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measure that continuum using the spectral-fitting package that you are using. You
must also be clear about whether you are measuring fluxes in the observed frame
or the rest frame of the source - you must be adopt one or the other for both line
and continuum. Express the continuum (at the line centroid of the line core) in
units of photons cm−2 s−1 keV−1. Then take the measured line flux in units of
photons cm−2 s−1 (notergs cm−2 s−1) and divide it by the above monochromatic
continuum flux (the EW will then be in units of keV). The observed-frame EW
is a factor of(1 + z) smaller than the rest-frame EW of an emission line (see
also §8.3.1). The(1 + z) factor doesnot cancel out in the calculation of EW
because the denominator in the expression for the EW has a continuum in units
of photons cm−2 s−1 keV−1 so that the compression of the continuum in energy
space exactly balances the time dilation factor for that continuum. Be aware that
if you measure the continuum from an XSPEC model plot, the plot will show you
the observed-frame spectrum even though the model parameters are rest-frame
quantities, and you must correct for this accordingly.

Note that the “eqw” command in XSPEC cannot be used because there is more
than one emission line in the composite line spectrum table.Even if there were
only one line, it could not be used because XSPEC finds the centroid energy of the
emission-line model component and uses that energy to calculate the continuum,
but the centroid energy may not be the energy you want for an EWcalculation
if the line is asymmetric (e.g. due to a Compton shoulder). Youmight use the
“eqw” for lines that are not part of MYTORUS. Remember that the XSPEC “eqw”
command gives EWs that are in the observed frame, even if all the other model
parameters are rest-frame quantities.

It is not possible to directly calculate the statistical errors on the EW. However, it
may be sufficiently accurate for some applications to simplyscale the best-fitting
line EW by the statistical errors on the line flux (see discussion in Yaqoob 1998).
Finally, we note that whilst the EW may be a useful parameter when fitting ad hoc,
non-physical models, for a self-consistent model such as MYTORUS, the EW is
nota particularly useful parameter.

84



Chapter 8

Spectral Fitting with the MYTorus
Model

8.1 General Issues

In this chapter we assume that you are already familiar with X-ray spectral fitting
procedures and we will not explain such details or the various subtleties and is-
sues associated with spectral fitting and statistical erroranalysis. Rather, we will
demonstrate only how to set up the models since you could easily obtain incor-
rect results if you make mistakes at this stage. We will also point out important
caveats and issues that may not be so familiar. We assume thatyou have read
all the preceding chapters in this manual. Again, there are very important issues,
definitions, and procedural points that were explained in previous chapters, and
erroneous results could be obtained if you have not familiarized yourself with the
material in previous chapters.

You will inevitably need to include model components in addition to the MY-
TORUS model. In a future release of MYTORUS we hope to include an im-
plementation that can operate with arbitrary input spectra. In that case adding
additional emission components that interact with the torus will be simple. How-
ever, in the table-model implementation, adding additional model components
that are not part of the torus model must be done with great care and it can break
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the self-consistency of the model. Regardless of the particular implementation
of the MYTORUS model, adding additional absorption components requires an
even more careful approach. All of the principal issues involved with including
additional model components that are not part of MYTORUS (corresponding to
emission or absorption) are discussed in detail in§8.4.

8.1.1 General fitting procedure

The MYTORUSmodel is sufficiently complex that you will not in general be able
to fit blindly, in the sense of starting with an arbitrary set of initial model param-
eters and letting the spectral-fitting package simply find the best fit. It will help
you immensely if you always keep in mind a physical picture of what you are at-
tempting to model. You must first understand what it is in your data that will drive
various components and parameters of the model. For example, what aspect of
your data will constrain the zeroth-order continuum if any?What aspect of your
data will constrain the scattered continuum? How well can your data constrain the
Fe Kα fluorescent line emission? You can do this preliminary work by manually
(and iteratively) changing the parameters of the model and finding an approxi-
mate solution. You must then decide which parameters to freeze initially, bearing
in mind that the scattered continuum changes only slowly with inclination angle
when the line-of-sight does not intercept the torus. Recall that for arbitrary values
of θobs the scattered continuum and fluorescent emission-line spectra are interpo-
lated using midpoints of the cosines of the angle-bin boundaries (Table 3.1). This
necessitates that no interpolation is performed for valuesof θobs less than the bin
center of the first angle bin or for values ofθobs greater than the bin center of the
last angle bin (this was discussed in§3.1.1). Thus, you should exercise caution
whenθobs is allowed to be a free parameter and interpret statistical error ranges on
θobs with great care.

You will also usually need to initially set the relative normalizations of the scat-
tered continuum and emission-line spectrum (AS andAL respectively) equal to
unity. The emission-line velocity width is another parameter that you might need
to initially freeze. After some preliminary fitting you may then “thaw” parameters
as demanded by the data. If you allow bothAS andAL to float we recommend
that you first “tie” them together (i.e. forceAS = AL) and only allow them to be
independent of each other if the data demand it. Physically,we do not expectAS
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andAL to be equal in general because the spatial distribution of scattering sites
and line-emitting sites is not the same. However, themacroscopiccharacteristic
size scales of the scattering sites and line-emitting sitesare similar so we do not
expectAS andAL to be too different from each other. In particular, the integrated
temporal delay factors (with respect to the intrinsic continuum) thatAS andAL

embody will be of the same order. The interpretations of the relative normalization
parameters (AS andAL) are not at all simple and their meaning has already been
discussed throughout the preceding chapters (in particular see§2.6, §6.2.3, and
§7.3.4). The relative normalization parameters encapsulate a wealth of unknown
information, including information about the temporal transfer functions for the
scattered continuum and the fluorescent-line spectrum. It is your responsibility
to carefully interpret the meaning ofAS andAL, taking due consideration of all
relevant information pertaining to the data and to the astrophysics of the source
in question. We reiterate here thatunder no circumstances should the parameters
AS andAL be interpreted directly as measures of the covering factor or relative
element abundances. In most cases a unique interpretation ofAS andAL will
not be possible without other supporting evidence and you should not hesitate to
say so in a paper. Recall that in some situations in which the data do not harbor
sufficient information about the intrinsic continuum therewill be too many nor-
malization parameters, leading to degeneracies that may prevent convergence of
the spectral fit if one or more of the relative normalization parameters is not frozen
(see§6.2.4).

All of the examples in this manual refer to XSPEC (Arnaud 1996) but they can
in principle be adapted for other spectral-fitting packages. Table 8.1 to Table
8.3show screen output from XSPEC for the three examples in this Chapter. How-
ever, they do not depict what you will actually see on the screen because they
have been annotated for clarity. Different versions of XSPEC will in fact exhibit
different screen output for the same models and the exampleshere are meant to
be generic and the annotation is designed to clearly depict the relations between
different parameters. In particular, the examples are designed to show which pa-
rameters in the various model components are tied together,as well as the corre-
spondence between the XSPEC parameters and the physical parameters that they
represent.

You should also be cognizant of the valid ranges of the parameters where appro-
priate. In particular, you should be aware that in the process of deriving statistical
error ranges on the model parameters, if a parameter boundary is encountered,

87



Chapter 8. Spectral Fitting with the MYTorus Model

the statistical error on that parameter will not be valid. Refer to Table 3.2 for a
summary of the MYTORUSmodel parameters and their ranges. You should also
be aware of the soft and hard bounds on parameters that are setand you should
change them if it is appropriate. The default bounds are set in the XSPEC table
model files themselves.However, the bounds onΓ in the table models are over-
ridden by the bounds on the power-law model in XSPEC so you mustmanually
change these to match the bounds in Table 3.2.In the example.xcm files that are
provided with the MYTORUSmodel this has already been taken care of.

There are many different ways in which the different components of the MY-
TORUS model could be used and it is beyond the scope this manual to give an
exhaustive exposition. By means of a few examples, we will demonstrate how to
set up the model in the context of the most common likely scenarios.

Note that in all of the examples we will include a Galactic absorption component
since this will nearly always be included in the model. It is modeled with the
phabs component in XSPEC and the one parameter, the column density, is set
to a value in the examples that has no particular significance: you must set it a
value appropriate for your source. We also include in the examples a redundant
constantmodel component (i.e. a simple scalar) that is useful when fitting data
from more than one data file (e.g. from a different instrument) simultaneously. We
denote this constant byCk, wherek = 1, 2, 3.. is the data file number label. If a
model is set up correctly for one instrument, reading another data file into XSPEC
will then correctly repeat the set up for the second data file.One then manually
sets the initial value ofC2, allowing it to float, ensuring thatC1 is frozen at unity.
The processes can be repeated for more data files. TheCk would then represent
cross-normalization factors between the different data files.

In each example discussed below we will give symbolic expressions for the model
in addition to the notation used by the XSPEC spectral-fitting package. The sym-
bolic representations of the various components of MYTORUShave already been
discussed in Chapters 5– 7 and will not be discussed again here.

8.2 Table model (power-law continuum)

The MYTORUS table model files can be downloaded from

http://www.mytorus.com/
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under the “downloads” link. The basic model is contained in the file
mytorus basic v00.tar and has the minimum number of tables necessary
for spectral fitting. The tar file opens to a directory calledmytorusfiles/
and contains three tables that can be used, for example, withthe etable and
atable functions in XSPEC. The three tables correspond to the zeroth-order
continuum component, the scattered continuum, and the fluorescent emission-line
spectrum. The termination energy of the power law is 500 keV in the latter two
tables, and the energy offset is zero for all the tables. Additional tables for the
mtable version of the zeroth-order continuum, the scattered continuum for dif-
ferent termination energies (see Table 6.1), and for the emission-line spectra for
different energy offsets and different termination energies (see Table 7.2) are avail-
able from the above URL. The details pertaining to all of the tables have been
discussed extensively in Chapters 5–7. You will select not more than one table
from each of the three groups of tables for a particular application. Also included
in the basic tar file are three.xcm files that correspond to three specific examples
that we discuss below. The.xcm files can be loaded into XSPEC in the usual way
and will automatically set up the model for each example. To familiarize yourself
with how to set up and use MYTORUSyou should follow each of the three exam-
ples in turn, since the first one is the simplest, and the thirdis the most complex.
Pay particular attention to which model parameters are tiedtogether for the dif-
ferent components because the same physical parameter may appear in more than
one of the separate model components, a situation that is forced by the particular
method of implementation. In all of the examples, the input power-law continuum
is symbolically represented byAi E

−Γi photons cm−2 s−1 keV−1, whereAi is the
normalization (photon flux at 1 keV), andΓi is the photon index. Both the nor-
malizationAi, andΓi, need to be communicated to the scattered continuum and
emission-line model components because each of those tablemodel components
depend onbothparameters of the input spectrum.

8.2.1 Example 1: continuum-only model

The XSPEC model file for this example is

myt_example_tablemodel_01.xcm
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which models only the zeroth-order continuum and the scattered continuum, and
no emission lines. The details of the zeroth-order continuum and the scattered
continuum models have been discussed in Chapter 5 and Chapter 6respectively.
In this example we use the tablemytorus scatteredH500 v00.fits for
the scattered continuum. Symbolically, the spectrum is given by

N(E) = Ck e
−σabs(E)NH,Gal([f(z) Ai [(1 + z)E]−Γi

× MYTZ(z,NH, θobs, E)]

+ AS [MYTS(z, Ai,Γi, NH, θobs, E)] )

photons cm−2 s−1 keV−1 (8.1)

wheref(z) = 1 because for the units ofN(E) here, the time dilution and energy
compression factors of(1 + z) cancel out. The actual expression that sets up the
XSPEC model in this particular example is

model constant*phabs(
( zpowerlw )etable{mytorus_Ezero_v00.fits} +
constant( atable{mytorus_scatteredH500_v00.fits} ) ).

In XSPEC this will be displayed as

constant<1>*phabs<2>( ( zpowerlw<3> )MYtorusZ<4> +
constant<5>( MYtorusS<6> ) )

(or an equivalent, similar expression).

The relationship between the XSPEC expression and the symbolic model com-
ponents is illustrated in Fig. 8.1, whilst a plot of the modelspectrum is shown in
Fig. 8.2. Table 8.1 shows the correspondence between the model parameters as
displayed by XSPEC, and the symbolic representation of the parameters.
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Table 8.1: XSPEC parameters for example 1 (§8.2.1)

Model Fit Mod Component Parameter Value Property Symbol
par # par # comp

1 1 1 constant factor 1.00000 frozen Ck

2 2 2 phabs nH 1e22 1.790000E-02 frozen NH,Gal

3 3 3 zpowerlw PhoIndex 1.90000 Γi

4 4 3 zpowerlw Redshift 3.300000E-03 frozen z
5 5 3 zpowerlw norm 2.700000E-02 Ai

6 6 4 MYtorusZ NH 1e24 2.00000 NH

7 7 4 MYtorusZ IncAng Degrees 90.0000 frozen θobs

8 4 4 MYtorusZ Redshift 3.300000E-03= par 4 z
9 8 5 constant factor 1.00000 AS

10 6 6 MYtorusS NH 1e24 2.00000 = par 6 NH

11 7 6 MYtorusS IncAng Degrees 90.0000 = par 7 θobs

12 3 6 MYtorusS PhoIndx 1.90000 = par 3 Γi

13 4 6 MYtorusS Redshift 3.300000E-03= par 4 z
14 5 6 MYtorusS norm 2.700000E-02= par 5 Ai

Files being used for table models:
Model comp File
4 mytorus_Ezero_v00.fits
6 mytorus_scatteredH500_v00.fits

Figure 8.1:Schematic illustration showing how to set up the MYTORUSmodel in XSPEC for
the continuum-only example discussed in§8.2.1. The relationship between the symbolic repre-
sentation of the different model components and corresponding XSPEC model notation is shown.
The complete set of parameters for this example is shown in Table 8.1.
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Figure 8.2:An XSPEC plot showing the MYTORUSmodel for the parameters shown in Table
8.1 for example 1. The black, solid curve is the total model, the green curve is the zeroth-order
continuum, and the red, dotted curve is the model spectrum.

Some particular points that you should be most aware of, in this and similar ap-
plications are as follows.

• The units of column density in the MYTORUS model are1024 cm−2, not
1022 cm−2 (which are the units of “regular” column densities in other
XSPEC models). You shouldneverlink a column density from MYTORUS

with the column density of any other model in the spectral-fitting package.
The different units serve as a means of discouraging any temptation to do
so.

• The scattered continuum should not be placed in a position where it is ab-
sorbed or attenuated by any other model component. In particular, the scat-
tered component isnot absorbed by the zeroth-order table (but see§8.4.6
and§8.4.7).

• The normalization parameter of the scattered continuum table must be tied
to the normalization of the intrinsic power-law continuum.
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• The relative normalization of the scattered continuum,AS, is modeled by a
constant model component that is intrinsic to the spectral-fitting pack-
age.

• Absorption components, such as the Galactic absorber in this example, must
have photoelectric cross sections and abundances set so that they are consis-
tent with those used in the particular MYTORUS model components being
used (see Chapters 3 and 4).

8.2.2 Example 2: continuum plus Fe Kα and Fe Kβ line model

The XSPEC model file for this example is

myt_example_tablemodel_02.xcm

in which we add the Fe Kα and Fe Kβ fluorescent emission-line spectrum to the
continuum-only spectrum in example 1.

The details of the fluorescent emission-line model were discussed extensively in
Chapter 7. As in example 1, we usemytorus scatteredH500 v00.fits
for the scattered continuum. Symbolically, the spectrum isgiven by

N(E) = Ck e
−σabs(E)NH,Gal([f(z) Ai [(1 + z)E]−Γi

× MYTZ(z,NH, θobs, E)]

+ AS [MYTS(z, Ai,Γi, NH, θobs, E)]

+ AL L(z, Ai,Γi, NH, θobs, σL, E) )

photons cm−2 s−1 keV−1 (8.2)

whereL(z, Ai,Γi, NH, θobs, σL, E) is the fluorescent emission-line spectrum (see
Eq. 7.2 and the associated discussion in§7.3.5). The actual expression that sets
up the XSPEC model in this particular example is
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model constant*phabs(
( zpowerlw )etable{mytorus_Ezero_v00.fits} +
constant( atable{mytorus_scatteredH500_v00.fits} ) +
constant*gsmooth( atable{mytl_V000010nEp000H500_v00.fits} ) ).

In XSPEC this will be displayed as

constant<1>*phabs<2>( ( zpowerlw<3> )MYtorusZ<4> +
constant<5>( MYtorusS<6> ) +
constant<7>*gsmooth<8>( MYtorusL<9> ) )

(or an equivalent, similar expression).

The relationship between the XSPEC expression and the symbolic model com-
ponents is illustrated in Fig. 8.3, whilst a plot of the modelspectrum is shown in
Fig. 8.4. Table 8.2 shows the correspondence between the model parameters as
displayed by XSPEC, and the symbolic representation for the parameters.

Figure 8.3:Schematic illustration showing how to set up the MYTORUSmodel in XSPEC for
the continuum plus emission-line spectrum in example 2, discussed in§8.2.2. The relationship be-
tween the symbolic representation of the different model components and corresponding XSPEC
model notation is shown. The complete set of parameters for this example is shown in Table 8.2.
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Table 8.2: XSPEC parameters for example 2 (§8.2.2)

Model Fit Mod Component Parameter Value Property Symbol
par # par # comp

1 1 1 constant factor 1.00000 frozen Ck

2 2 2 phabs nH 1e22 1.790000E-02 frozen NH,Gal

3 3 3 zpowerlw PhoIndex 1.90000 Γi

4 4 3 zpowerlw Redshift 3.300000E-03 frozen z
5 5 3 zpowerlw norm 2.700000E-02 Ai

6 6 4 MYtorusZ NH 1e24 2.00000 NH

7 7 4 MYtorusZ IncAng Degrees 90.0000 frozen θobs

8 4 4 MYtorusZ Redshift 3.300000E-03= par 4 z
9 8 5 constant factor 1.00000 AS

10 6 6 MYtorusS NH 1e24 2.00000 = par 6 NH

11 7 6 MYtorusS IncAng Degrees 90.0000 = par 7 θobs

12 3 6 MYtorusS PhoIndx 1.90000 = par 3 Γi

13 4 6 MYtorusS Redshift 3.300000E-03= par 4 z
14 5 6 MYtorusS norm 2.700000E-02= par 5 Ai

15 9 7 constant factor 1.00000 AL

16 10 8 gsmooth Sig@6keV keV 4.248000E-03 σL

17 11 8 gsmooth Index 1.00000 frozen α
18 6 9 MYtorusL NH 1e24 2.00000 = par 6 NH

19 7 9 MYtorusL IncAng Degrees 90.0000 = par 7 θobs

20 3 9 MYtorusL PhoIndx 1.90000 = par 3 Γi

21 4 9 MYtorusL Redshift 3.300000E-03= par 4 z
22 5 9 MYtorusL norm 2.700000E-02 = par 5 Ai

Files being used for table models:
Model comp File
4 mytorus_Ezero_v00.fits
6 mytorus_scatteredH500_v00.fits
9 mytl_V000010nEp000H500_v00.fits
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Some important points that you should be aware of (in addition to those described
for example 1) are listed below.

• The normalizations of the scattered continuum and emission-line table mod-
elsare both tied to the normalization of the intrinsic power-law continuum.
This is necessary for correctly setting up the absolute normalizations of the
different components. In addition, the column densities ofall three table
models are tied together. Again, this is necessary because there is physi-
cally only one column density in the MYTORUS model, even though the
model is implemented with three separate tables.

• The emission-line table should NOT be attenuated by the zeroth-order con-
tinuum component.

• In this example, velocity broadening is applied only to the emission lines.
It could be applied to the scattered continuum if desired (see discussion in
§6.2.2).

• Details of the velocity broadening function (and the parameter α) were
given in §7.3.5. The Gaussian velocity width in keV,σL (in keV), can be
obtained for a given FWHM (inkm s−1) using Eq. 7.6.

• You cannot use the “eqw” command in XSPEC. You must calculate the
Fe Kα and Fe Kβ emission-line fluxes using the “flux” command in XSPEC
or theCFLUX model in XSPEC (refer to the detailed discussions in§7.1.4
and§7.3.5.3). Then use the line flux for a given emission line, measure the
relevant continuum manually, and thus obtain the line EW (see §7.3.5.4).
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Figure 8.4:An XSPEC plot showing the MYTORUSmodel for the parameters shown in Table
8.2 for example 2. Since the model is the same as that in example 2 except for the Fe Kα and
Fe Kβ emission lines, we show a zoom of the spectrum in the 5–10 keV band and omit the zeroth-
order continuum for clarity. The black, solid curve is the total spectrum. The red, dotted curve is
the scattered continuum. The emission lines are shown in blue, dotted curves.

8.2.3 Example 3: continuum, Fe Kα & Fe Kβ lines, plus
optically-thin scattered continuum

In this example we add a continuum component to example 2 thatis notpart of the
MYT ORUSmodel. This additional component is commonly observed in obscured
AGN in the form of a rise in the X-ray spectrum towards low energies above that
expected from obscuration alone. Such a continuum component is thought to be
due to electron scattering of the intrinsic continuum in an ionized (warm/hot) zone
surrounding the central engine, and extended on a size scalethat is larger than the
obscuring structure (putative toroidal reprocessor). If the scattering zone is highly
ionized and has a small enough column density that all absorption opacities can
be neglected and that the Thomson depth is≪ 1, the scattered spectrum will have
approximately the same shape as the intrinsic X-ray spectrum. In other words,
a power-law intrinsic continuum will give approximately a power-law scattered
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spectrum. The fraction of the intrinsic X-ray continuum that is scattered into the
line-of-sight is, under these circumstances,∼ [∆Ω/(4π)]τs, where[∆Ω/(4π)] is
the fractional solid angle subtended by the scattering material at the X-ray source,
andτs is its average Thomson depth. Using such a simple prescription, the scat-
tered fraction has been estimated to be a few percent or less (Turneret al. 1997
estimated∼ 0.02−5% for a sample of Seyfert galaxies; see also Uedaet al. 2007,
and references therein).

In principle, the optically-thin scattered spectrum should be calculated by prop-
erly taking into account the ionic absorption opacities, and Compton scattering on
the appropriate Maxwellian distribution of warm/hot electrons (as well the geom-
etry and other details). However, the total optical depths are small enough that the
data do not yet warrant such a sophisticated treatment, and apower-law contin-
uum approximation for the scattered spectrum is likely to besatisfactory. Often
optically-thin thermal emission (likely from the same warm/hot zone) is also re-
quired but such a component is not included in this example for clarity (but see
§8.4.2).

We denote the fraction of the intrinsic X-ray continuum thatis scattered in the
optically-thin zone byfj, and in this this example we implementfj with the
constant model component in XSPEC. The scattered power-law continuum
is denoted byAjE

−Γj , with Aj tied to theAi (the normalizations of the intrinsic
power-law continuum components). The use offj as the variable parameter rather
thanAj is a matter of convenience because it is more useful that the scattered frac-
tion is a fit parameter rather than the absolute normalization of the scattered power
law. It is unlikely that the data will be able to constrain anydifferences between
Γi andΓj (which may in any case be negligible) so in this example we forceΓj to
be equal toΓi.

The XSPEC model file for this example is

myt_example_tablemodel_03.xcm

and the model can be symbolically represented as
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N(E) = Ck e
−σabs(E)NH,Gal([f(z) Ai [(1 + z)E]−Γi

× MYTZ(z,NH, θobs, E)]

+ AS [MYTS(z, Ai,Γi, NH, θobs, E)]

+ AL L(z, Ai,Γi, NH, θobs, σL, E)

+ fs [f(z) Aj [(1 + z)E]−Γj )

photons cm−2 s−1 keV−1 (8.3)

and the actual expression that sets up the XSPEC model is

model constant*phabs(
( zpowerlw )etable{mytorus_Ezero_v00.fits} +
constant( atable{mytorus_scatteredH500_v00.fits} ) +
constant*gsmooth( atable{mytl_V000010nEp000H500_v00.fits} ) +
constant( zpowerlw ) ).

In XSPEC this will be displayed as

constant<1>*phabs<2>(
( zpowerlw<3> )MYtorusZ<4> +
constant<5>( MYtorusS<6> ) +
constant<7>*gsmooth<8>( MYtorusL<9> ) +
constant<10>( zpowerlw<11> ) )

(or an equivalent similar expression).

The relationship between the XSPEC expression and the symbolic model com-
ponents is illustrated in Fig. 8.5, whilst a plot of the modelspectrum is shown
in Fig. 8.6. Table 8.3 shows the correspondence between the model parameters
as displayed by XSPEC, and the symbolic representation for the parameters. In
this example,fj = 0.0013, corresponding to0.13% of the intrinsic continuum
scattered into the line-of-sight.
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Table 8.3: XSPEC parameters for example # 3 (§8.2.3)

Model Fit Mod Component Parameter Value Property Symbol
par # par # comp

1 1 1 constant factor 1.00000 frozen Ck

2 2 2 phabs nH 1e22 1.790000E-02 frozen NH,Gal

3 3 3 zpowerlw PhoIndex 1.90000 Γi

4 4 3 zpowerlw Redshift 3.300000E-03 frozen z
5 5 3 zpowerlw norm 2.700000E-02 Ai

6 6 4 MYtorusZ NH 1e24 2.00000 NH

7 7 4 MYtorusZ IncAng Degrees 90.0000 frozen θobs

8 4 4 MYtorusZ Redshift 3.300000E-03= par 4 z
9 8 5 constant factor 1.00000 AS

10 6 6 MYtorusS NH 1e24 2.00000 = par 6 NH

11 7 6 MYtorusS IncAng Degrees 90.0000 = par 7 θobs

12 3 6 MYtorusS PhoIndx 1.90000 = par 3 Γi

13 4 6 MYtorusS Redshift 3.300000E-03= par 4 z
14 5 6 MYtorusS norm 2.700000E-02= par 5 Ai

15 9 7 constant factor 1.00000 AL

16 10 8 gsmooth Sig@6keV keV 4.248000E-03 σL

17 11 8 gsmooth Index 1.00000 frozen α
18 6 9 MYtorusL NH 1e24 2.00000 = par 6 NH

19 7 9 MYtorusL IncAng Degrees 90.0000 = par 7 θobs

20 3 9 MYtorusL PhoIndx 1.90000 = par 3 Γi

21 4 9 MYtorusL Redshift 3.300000E-03= par 4 z
22 5 9 MYtorusL norm 2.700000E-02 = par 5 Ai

23 12 10 constant factor 1.300000E-03 fj

24 3 11 zpowerlw PhoIndex 1.90000 = par 3 Γj (= Γi)
25 4 11 zpowerlw Redshift 3.300000E-03= par 4 z
26 5 11 zpowerlw norm 2.700000E-02= par 5 Aj (= Ai)

Files being used for table models:
Model comp File
4 mytorus_Ezero_v00.fits
6 mytorus_scatteredH500_v00.fits
9 mytl_V000010nEp000H500_v00.fits
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Figure 8.5:Schematic illustration showing how to set up the MYTORUSmodel in XSPEC for
example 3, which includes the reprocessed spectrum plus an optically-thin scattered continuum
(see§8.2.3 for details). The relationship between the symbolic representation of the different
model components and corresponding XSPEC model notation isshown. The complete set of
parameters for this example is shown in Table 8.3.
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Figure 8.6: An XSPEC plot showing the MYTORUS model (plus an optically-thin scattered
continuum) for the parameters shown in Table 8.3 for example3. The black, solid curve shows
the total spectrum. The scattered continuum component fromthe torus is shown as a red, dotted
curve, and the optically-thin scattered continuum is shownas a blue, dotted curve. For clarity, the
separate contributions from the zeroth-order continuum and the emission lines are not shown.

8.2.4 Fluxes and Luminosities

Fluxes and luminosities in specified energy bands can be obtained in the usual
way. With the full model in place these fluxes and luminosities will of course cor-
respond to observed quantities. In order to obtainintrinsic continuum fluxes and
luminosities you must removeALL three components of the MYTORUS model
(including scattered continua and emission lines), and anyother absorption com-
ponents. You must of course also remove any other continuum components that
you are not seeking the flux or luminosity for (e.g. components that may be due
to some other type of reprocessing, such as the optically-thin scattered continuum
discussed in§8.2.3). You must also correctly account for the source redshift (see
§8.3.1).
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8.3 Modeling high-redshift sources

Since the MYTORUS model is calculated up to a certain energy,ET (the ter-
mination energy), an astrophysical source with a cosmological redshift ofz will
produce a spectrum that extends only up an energy ofET/(1 + z) in the ob-
server’s frame. If the energy range (or bandpass) of the data(which measures the
observed-frame spectrum) extends beyondET/(1 + z) the resulting spectral fit
will be invalid. Aside from the fact that the scattered continuum does not extend
beyondET in the rest frame, the zeroth-order continuum table ends at 500 keV in
the rest frame, and XSPEC will simply use a multiplicative factor of unity since
a value in the table will not be available. This produces an anomalous “jump” in
the spectrum at500/(1 + z) keV in the observed frame. Therefore you should
manuallyrestrict the upper energy of the data toET/(1 + z) in order to avoid
problematic or erroneous spectral fits.
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wrong!

Figure 8.7:A plot from XSPEC of the MYTORUSmodel spectrum forz = 2, illustrating that
the model is only valid below[ET /(1 + z)] in the observed frame. In this example, the data
above[500 keV/(1 + z)] should be discarded before fitting. The other parameters of the model
areΓ = 1.9,NH = 5 × 1024 cm−2, andθobs = 90◦. See§8.3 for details.

Fig. 8.7 shows a model plot from XSPEC illustrating what happens when you
don’t manually restrict the energy band. In this example thethe source redshift is
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2.0 (the figure caption gives the other parameters of the model). Recall that in the
table model implementation of MYTORUS, different scattered continuum tables
have been calculated for different values ofET (see Table 6.1). One can obtain
the maximum redshift of a source that the model is applicableto, given the upper
limit on the energy spanned by the data, sayEU :

zmax =

(

ET

EU

)

− 1. (8.4)

Conversely, for a source with redshiftz, you should restrict the data to energies

E <
ET

(1 + z)
(8.5)

8.3.1 Fluxes, luminosities, and equivalent widths

XSPEC gives fluxes that are observed-frame quantities, in anenergy band that
is specified by energy boundaries in the observed frame. Luminosities are cal-
culated by XSPEC at the specified value ofz, using energy boundaries that are
specified in the rest frame. All model parameters, includingline intensities, dis-
played by XSPEC are rest-frame quantities. HOWEVER, if you calculate the
flux of an emission-line that is part of the MYTORUSmodel (see§7.1.4,§7.3.5.3,
and §7.3.5.4), that line flux will be anobserved-framequantity. To convert an
observed-frame line flux that is in units ofphotons cm−2 s−1 to a flux in the rest
frame of the source, you must multiply the observed flux by(1 + z). To calculate
the EW of an emission line in the rest frame, you must use the rest-frame line flux
and the rest-frame continuum at the line center. Recall that the EW of an emission
line in the observed frame is smaller than that in the rest frame by a factor(1+ z).
It is important to note, however, that the XSPEC “eqw” command gives the EW in
theobserved frameeven though all the model parameters are rest-frame quantities
(but recall that you will not be using the “eqw” command for calculating EWs of
lines that are intrinsic to the MYTORUSmodel).
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8.4 Including additional model components

In most situations you will inevitably need to include modelcomponents that are
not part of MYTORUS and these will unavoidably be ad hoc components. Great
care must be exercised when combining MYTORUS with other model compo-
nents because it is possible to obtain results that are either not what you intended,
or results that are not meaningful. In some situations the self-consistency of the
MYT ORUS model will be destroyed, in which case you are responsible for de-
termining whether the particular application can toleratesuch a compromise. We
recommend that you always keep in mind a physical picture of the situation you
are trying to model because it is easy to lose sight of it when using ad hoc model
components. If you add model components simply for the sake of obtaining a
good fit to the data, without proper regard for the physical interpretation of the ad
hoc components, there is no purpose in using the MYTORUSmodel. Your entire
model may as well be ad hoc.

We discuss below the most common situations that are likely to arise for including
additional model components.

8.4.1 Power-law continua

Since the current table-model implementation of the MYTORUS model is cal-
culated for an incident power-law continuum, you may add as many additional
power-law continuum components as you wish, without destroying the self-
consistency of the model. Each power-law continuum may haveits normalization
and photon index independent of every other power-law component. However,
for every power-law component that has an independent normalization or photon
index (or both),you must include a separate scattered continuum component and
a separate emission-line component for each intrinsic continuum component. In
the table-model implementation this means that each power-law component is as-
sociated with its own scattered continuumatable. There would still be only
one value ofNH andθobs. On the other hand, you can apply the zeroth-order mul-
tiplicative model (e.g. anetable) to the sum of all the power-law continua. For
example, for a double power-law we would have, in symbolic notation
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N(E) = [(A1E
−Γ1) + (A2E

−Γ2)]MYTZ(z,NH, θobs, E)

+ [(A1E
−Γ1)MYTS(z, A1,Γ1, NH, θobs, E)]

+ [(A2E
−Γ2)MYTS(z, A2,Γ2, NH, θobs, E)]. (8.6)

Strictly speaking the above expression is valid only forz = 0 because we have
omitted cosmological factors involvingz for the sake of clarity of presentation
since it is theform of the expression that is important here. In analogy to Eq. 8.6,
if you use the fluorescent emission-line spectrum of the MYTORUS model you
will need a separate MYTORUS emission-line component for each independent
power-law continuum component. For the table-model implementation this means
that you need a separate MYTL table for every power-law continuum component,
with various parameters tied together following the example above for the MYTS
components.

Implicit in all of the above discussion is of course thatall of the power-law in-
trinsic (or incident) continuum source components are located at the center of
the torus and that they are all emitting isotropically, because those were the
assumptions that the original Monte Carlo calculations werebased on. If you
want to model power-law continuum components that arenot tied to these two
assumptions youcan include such componentsbut you cannot then include the
MYT ORUS scattered continuum and emission-line spectrum. Youcan, however,
include the zeroth-order multiplicative component for MYTORUS, if the line-of-
sight between the additional power-law continuum source and the observer in-
tercepts the torus. In other words, you will be forced to neglect the Compton-
scattered continuum and fluorescent line emission associated with your additional
power-law source. It is your responsibility to determine whether the resulting
compromise is tolerable.

In §8.2.3 we gave an example of an additional power-law component for which the
approximation of neglecting all three MYTORUS components (MYTZ, MYTS,
and MYTL) was acceptable. In that case the additional power-law modeled
optically-thin electron scattering in a zone that was extended on a size-scale larger
than the torus. The absorption and scattering optical depthof the zone was so
small that the fraction of the intrinsic continuum scattering in that zoneand then
scattering back from the toruswas negligible. The fluorescent line emission from
the already small fraction of the intrinsic continuum returning to the torus could
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also be neglected. The source of the additional power-law component had a physi-
cal location such that X-rays from it could reach the observer without intercepting
the torus, so the zeroth-order component of MYTORUS (MYTZ) was not needed
either. Although in that example it is possible that some of the optically-thin zone
scatters X-rays that then do intercept the torus, they wouldbe further attenuated
by the torus and rendered undetectable compared to the reprocessed X-rays from
the primary power-law continuum.

8.4.2 Non-power-law continua

As explained above in§8.4.1, if you include additional continuum components
that are not power laws you will not be able to include the associated Compton-
scattered continuum and fluorescent line emission from the MYTORUS model.
If the additional continuum source is located at the center (origin) of the torus
then you can still use the zeroth-order multiplicative component of MYTORUS

(MYTZ). In situations that correspond to the additional power-law continuum
source being located in positions for which the line-of-sight does not intercept
the torus, you will not of course need a zeroth-order continuum attenuation fac-
tor from MYTORUS. Recall from Chapter 5 that the MYTZetable values are
identically equal to zero (optical depth) for lines-of-sight that do not intercept the
torus (and the correspondingmtable values are identically equal to unity). This
facilitates a seamless transition from the intrinsic (unobscured) continuum to the
attenuated continuum for the full range of model inclination angles.

Clearly, the location of the additional continuum source relative to the torus de-
termines how the zeroth-order MYTORUS component is set up. Suppose the ad-
ditional continuum component is denoted byJ(E, xn, n = 1, 2, ..) (where thexn

are the model parameters). Symbolically, the model would beset up as

N(E) = [(AiE
−Γi) + J(E, xn)]MYTZ(E)

+ (remaining model components) (8.7)

if J(E, xn) is located in a position for which the line-of-sight betweenit and the
observer could intercept the torus, or
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N(E) = [(AiE
−Γi)]MYTZ(E) + J(E, xn)

+ (remaining model components) (8.8)

if J(E, xn) is located where no interception of the additional emissioncompo-
nents by the torus is possible. Here, we have omitted other model components,
the units, and abbreviated the notation for clarity.

In many situations the lack of a mechanism to include the Compton-scattered con-
tinuum and fluorescent line emission from additional continuum components that
are not power laws will not be a problem. For example, if the additional con-
tinuum is thermal with a temperature less than∼ 1 keV or so, both Compton
scattering and Fe Kα fluorescent line emission in the torus due to that continuum
will be negligible. Compton scattering will be negligible because the absorption
opacity at the relevant energies is much greater than the electron-scattering op-
tical depth. Fluorescent line emission due to Fe Kα will be negligible because
the continuum flux above the Fe K absorption edge will be negligible for a low-
temperature thermal continuum. On the other hand, fluorescent line emission due
to the lighter elements may potentially be important, but these are not yet included
in MYT ORUSanyway.

An optically-thin soft X-ray thermal continuum (withkT ∼ 0.5 − 0.7 keV) is
sometimes observed in AGN, originating in the extended warm/hot zone sur-
rounding the putative torus and central engine. Such a continuum component
would likely be placed in a location for which the emitted radiation does not in-
tercept the torus before reaching the observer. On the otherhand, a thermal (pos-
sibly optically-thick) continuum component (manifestingitself as a “soft excess”
in the observed X-ray spectrum) might originate in an accretion disk, in which
case it would be placed in a location for which the radiation could intercept the
torus before reaching the observer. However, in such situations, a soft continuum
component may only be observable for unobscured lines-of-sight. Placing such a
component in a position in the XSPEC model expression that allows it to be ob-
scured by the torus is still correct because the MYTZ component does not require
a priori knowledge of the inclination angle.
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8.4.3 High-energy exponential cutoff

If you have a deficit in the data at high energies compared to the best-fitting model,
you may be tempted to include an exponential cutoff model component in order to
make the high-energy continuum fit the data. We have discussed at length in this
manual the reasons why applying an exponential cutoff to thecontinuum is not
physical (e.g. see§3.2.3 and§6.1.3). Here we point out that in addition to the rea-
sons already given, modifying the continuum with an exponential cutoff destroys
the self-consistency of the MYTORUS model. Applying a high-energy exponen-
tial cutoff to the continuum will yield no new physical information. Therefore
one must question the value of applying a high-energy cutoffsimply for the sake
of obtaining a good fit to the data without learning anything new. If the spec-
tral fit really is so poor that it is not tolerable then you should use a MYTORUS

scattered continuum model with a different termination energy (ET –see§6.2.5).
In addition, it is important to remember thatyou can already use any arbitrary
physical continuum model with the zeroth-orderMYT ORUScomponent(MYTZ).
For example, a variety of thermal Comptonization models are available in XSPEC
and these have intrinsic high-energy turn-overs that are physical and not ad hoc.
You may approximate the corresponding scattered continuumwith MYTS using
judiciously chosen values of the normalization, photon index, andET . Youare
responsible for determining whether such approximations are tolerable for your
application. In the future we may also make available pre-calculated MYTS ta-
bles for thermal, Comptonized continua.

In summary,do not apply a high-energy exponential cutoff to the continuum. In-
stead, use models with different values ofET or construct an approximation using
a physically motivated intrinsic continuum.

8.4.4 Additional “narrow” emission lines

There are two distinct situations in which you may want to include additional
emission lines, modeled for example, with Gaussian components. One is to model
fluorescent line emission from the torus that is not yet included in MYTORUS(for
example, the Ni Kα line), and the other is to include emission lines from physical
locations other than the torus. In the former case, the emission-line component
should NOT be attenuated by MYTZ because the fitted model should correspond
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to theobservedline. Recall that in the case that an emission line is associated
with an absorber in which it is created, there is no such thingas the “absorption-
corrected” flux. Only the observed flux has a physical meaning. The measured
line flux (or EW) can then be compared with theoretical predictions. If you are
modeling the Ni Kα fluorescent emission line you can use the theoretical results
in §7.2.4 to determine whether the measured line flux is consistent with the other
parameters of the MYTORUSmodel.

In the second case, that you want to model line emission from alocation other
than the torus, you must first specify whether the physical situation requires that
any of the lines-of-sight between the observer and the line-emitting region in-
tercept the torus. If not, then no zeroth-order continuum multiplicative factor is
needed, otherwise it is. Setting up the model components is then simply a matter
of following the examples in Eq. 8.7 or Eq. 8.8 by analogy. In the particular sit-
uation described here you cannot expect the MYTZ component to automatically
determine the line-of-sight attenuation fromθobs alone because you may locate
the source of additional emission at a position that has a different line-of-sight
attenuation compared to the primary X-ray continuum source.

Modeling emission lines from the torus or elsewhere in an ad hoc manner means
that Compton scattering of those emission lines in the torus is neglected so you
will not be able to model the Compton shoulder created by the adhoc emission
lines. Compton scattering will occur whether or not the emission line is formed in
the torus or not. The zeroth-order attenuation, where relevant (for emission lines
not created in the torus), will however be correct. The magnitude of the Compton-
scattered component relative to the core of an emission linedepends principally
on the column density of the torus and its orientation, and the single-scattering
albedo at the line energy. Refer back to§7.1.2 for a detailed discussion of the
properties of the Compton-shoulder. Although most of that discussion refers to
the Fe Kα line, some general principles are relevant for any emissionline.

We strongly recommend that you donot model the Compton shoulder with
a Gaussian model component because you will not derive any physically-
meaningful information from doing so. The Compton shoulder is not Gaussian
in shape. Having said that, it is very unlikely that your datawill give you unam-
biguous, statistically significant evidence of a Compton shoulder on any line other
than the Fe Kα emission line for at least a few years yet.
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8.4.5 Accretion disk spectra

Most of the preceding discussions in§8.4.1–§8.4.4 are also relevant for contin-
uum and emission-line components originating in the putative accretion disk. We
include here a separate section on the accretion disk components in case some
issues are not obvious. If one of the standard assumptions about AGN geometry
is correct, the accretion disk can be assumed to be coincident with the center of
the torus. Indeed, the monte-carlo calculations for MYTORUSwere based on that
assumption. We take this opportunity to remind you that the torus in MYTORUS

need not be the parsec-scale structure that is usually referred to as “the torus”.
The torus in MYTORUScan correspond toany toroidal distribution of matter, in-
cluding the BLR, or even (albeit approximately) part of the very outer accretion
disk.

The inclusion of any continuum emission from the accretion disk along with the
MYT ORUS model, whether it is thermal or non-thermal, can be done by follow-
ing the discussions in§8.4.1 and§8.4.4. The same principles also apply to any
reflection continuum from the disk, whether or not it is ionized, and whether or
not it is affected by relativistic distortion due to the putative black hole. The dis-
cussions in§8.4.4 apply to any line emission from the disk, whether or notit is
relativistically broadened.

The current implementation of the MYTORUS model can only treat Compton-
scattering of disk emission components that are power laws (and this is described
in §8.4.1). This means that Compton-scattering of theX-ray disk-reflection con-
tinuum and disk emission lines in the torusis neglected. Such “double-reflection”
may in factnot be negligible for unobscured lines-of-sight. Future enhancements
of the MYTORUS model may be able to treat such a scenario. We note that ad
hoc models that are currently widely used cannot treat this “double-reflection”
correctly, even in principle.

Although Compton-scattering of the disk-reflection and emission-line spectrum
by the torus cannot yet be handled by MYTORUS, if the line-of-sight to the
observer intercepts the torus, the zeroth-order attentionby MYTORUS will be
correct. The zeroth-order multiplicative component of theMYT ORUS model
(MYTZ) should be employed for all disk continuum and line emission compo-
nents and should be applied to the disk spectra that already have relativistic effects
applied (if required).
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8.4.6 Cold/neutral absorber components

Including additional absorber components with the MYTORUS model will, in
general, break the self-consistency of the model. Compton scattering is not treated
at all in most “regular” absorption models. If it is treated,the treatment is very
simple and may be inadequate (if it is not simple then the model is not an ab-
sorption model). The absorption model will also not includethe fluorescent line
emission that would be produced by the absorber.

Having said that, you may includeuniform column densities less than∼
1022 cm−2 without concern about the treatment of Compton scattering and flu-
orescent line emission (unless any of the element abundances are significantly
higher than solar). Thus, Galactic absorption and absorption by the AGN host
galaxy may be included quite trivially, as in the examples in§8.2.1–§8.2.3. Obvi-
ously, both Galactic and host galaxy absorption must be applied toall model com-
ponents. When includinganyadditional absorber components with MYTORUS,
you must remember to set the photoelectric absorption crosssections to those of
Verneret al. (1996), and the elements abundances to be consistent with those used
by MYTORUS(Anders & Grevesse 1989 for the current implementation).

For column densities higher than∼ 1022 cm−2, if the absorber is modeling a
component in the central engine, you must first establish whether your data really
require additional absorption or whether your assumptionsabout the continuum
are inadequate. For example, what do the residuals around the Fe K absorption
edge (after fitting the MYTORUSmodel) tell you about the requirement for extra
absorption? Then you must establish what physical scenarioyou are trying to
model, bearing in mind that “regular” absorption models areone dimensionalin
the sense that they only provide extinction in the line-of-sight.

Are you trying to model additional absorption farther out from the center than the
torus? If so, is the size of the additional absorber much smaller than the size of
the torus? If so, the additional absorption must be applied only to the MYTORUS

zeroth-order (attenuated) continuum, and not the MYTORUS Compton-scattered
continuum (MYTS) or the emission-line spectrum (MYTL). In that case both the
Compton-scattered continuum and fluorescent line emission from the additional
absorber may be small enough to be negligible. On the other hand, if you en-
visage an additional absorber that is of comparable size to the torus (or larger),
the additional absorber component must be applied to all model components (just
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like Galactic absorption). In that case your model will be missing the Compton-
scattered continuum and fluorescent line spectrum from the additional absorber.
In either case, it will be more accurate to use another MYTZ component for the
additional absorber rather than a “regular” absorber component because the for-
mer includes a better treatment of Compton-thick line-of-sight attenuation.

Alternatively, an additional absorber component may be required to compensate
for the fact that the distant-matter reprocessor in AGN is unlikely to be an exact
torus. Again, it is more accurate to use another MYTZ component rather than
“regular” absorption (although MYTZ does not yet allow element abundances to
be free parameters). If the column density is much greater than 1022 cm−2 you
will lose the self-consistency of the MYTORUSmodel.

If you are trying to model additional absorption located between the accretion disk
and the torus the self-consistency of the MYTORUSmodel will be broken. Such a
scenario requires a specific, three-dimensional model and afull Monte Carlo treat-
ment to calculate the spectra correctly. Therefore, placing an additional absorber
in between the X-ray continuum source and the torus is strongly discouraged. In
fact XSPEC, with the current table-model implementation of MYTORUSdoes not
allow you to do this anyway.

It is important to bear in mind that even if the self-consistency of the MYTORUS

model is lost by including additional absorber components,it is still better than
the current practice of using completely ad hoc models consisting of simple at-
tenuation plus disk-reflection. Such models are not physical and do not yield
physically-meaningful parameters in the context that theyare applied. On the
other hand, using the MYTORUSmodel plus some additional ad hoc model com-
ponents builds upon abaselinethat is physical and self-consistent. Results from
fitting data can then serve as a basis for eventually improving the baseline model.

8.4.6.1 Partial covering models

So far we have discussed including additionaluniformabsorber components. Par-
tial covering models apply absorption to only a fraction of the spectrum. The
fraction that is absorbed is then numerically added to the unabsorbed fraction
of the spectrum. Mathematically, partial covering models are equivalent to a fully
covering absorber with some of the unabsorbed continuum being scattered into the
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line-of-sight without a change in the spectral shape. The literature is very confused
on the application and interpretation of partial covering models. Like the simple
uniform absorbers, partial covering models areone-dimensional. A physical in-
terpretation requires additional assumptions. If the partial covering is interpreted
literally, it means that the covering factor refers only to fraction of the source cov-
ered in the line-of-sight. That covering factor tells us nothing about the global
covering factor of the absorber (i.e. the solid angle of the absorber subtended
at the source). Including partial covering model components with MYTORUS is
problematic because it could be applied to the zeroth-ordercontinuum, the scat-
tered continuum, the fluorescent line spectrum, or any combination of these. No
matter how the partial covering is applied, the physical meaning of the final model
and derived parameters may not be clear or even physically-meaningful. Rather
than use a partial covering model that has a line-of-sight covering factor as one of
the parameters, it is better to separate the continuum components into those that
are absorbed (uniformly) and unabsorbed, since this is mathematically equivalent.
Interpretation of the resulting parameters is then less problematic, although it is
still rather ad hoc. In summary,you should not use partial covering models with
MYT ORUS .

8.4.7 Warm absorbers

If your data require one or more photoionized (or “warm”) absorber components,
the least complicated situation is one in which the warm absorber is not obscured
by the torus. In that case it is simply applied to the intrinsic X-ray continuum,
or the X-ray intrinsic continuum plus scattered torus emission (MYTS) if you
think the warm absorber has a size that is larger than the torus. Symbolically this
scenario can be written in abbreviated form as

N(E) = WARM(E)[A1E
−Γ1 + (ASMYTS(A1,Γ1, E))] (8.9)

whereWARM(E) is the warm absorber model. An implicit assumption in the
above procedure is that the MYTS component has little effecton the ionization
state of the warm absorber (which may not be true). Placing a warm absorber in
between the X-ray source and the torus is problematic for thesame reasons that
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were discussed above (§8.4.6) for a cold/neutral absorber placed in between the
X-ray source and the torus. As for the case of the cold/neutral absorber, XSPEC
does not actually allow you to do this with the current implementation of the
MYT ORUS model. Placing a warm absorber farther from the X-ray sourcethan
the torus is also problematic, unless you produce warm absorber models using
the MYTORUS spectra as inputs to a photoionization code, but the best-fitting
MYT ORUS spectrum is not knowna priori. In any case, the latter is an unlikely
scenario in AGN because the continuum from the Compton-thickreprocessor will
not be able to ionize the warm absorber sufficiently to produce the usual observed
warm absorber features. It is possible to approximate a scenario in which the
warm absorber is identified with a wind on the surface of the torus by splitting
the intrinsic X-ray continuum into a portion that is absorbed by a warm absorber
and a portion that is reprocessed by the torus. In abbreviated notation, this can be
written as

N(E) = [A1E
−Γ1 ]WARM(E) +

[(A2E
−Γ1)MYTZ(E) + (ASMYTS(A2,Γ1, E))]. (8.10)

The cost of this procedure is an extra ad hoc normalization.

8.5 WARNING: “plot model” anomaly

We reiterate here something that was mentioned in§5.4.3 and§6.2.6. That is,
the “plot model” command in XSPEC may plot a model outside of the energy
range covered by the data and/or outside of the energy range covered by a table
model. The valid energy range of the MYTORUS model is currently 0.5 keV up
to ET (and the energy range of the data should of course never lie outside these
bounds). This “plot model” anomaly can result in model plotsthat are incorrect.
Moreover, if an energy bin is so coarse that it crosses one of the boundaries of the
valid energy range, the model plotinside the valid energy range can be incorrect.
This can happen, for example, when simultaneously fittingSuzakuXIS and HXD
data. The problem affects only the plot and does not affect the spectral fitting
itself. Other plot commands in XSPEC such as “plot data” and “plot ufspec” do
not exhibit the anomalous behavior.
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Chapter 9

Effects of Different Opening Angles,
Element Abundances, & Geometry

As described throughout this manual, the MYTORUS model is based on a num-
ber of fixed assumptions. Moreover, it is not possible to allow all of the physical
parameters to be free in a spectral-fitting context. In future enhancements we in-
tend to expand the capabilities of the MYTORUSspectral-fitting model. However,
the Monte Carlo simulations on which the model results are based are extremely
CPU-intensive in order to achieve a statistical precision that is high enough for
spectral-fitting purposes, with the desired energy resolution. Expanding the pa-
rameter space of MYTORUS will therefore require significantly more labor and
CPU time. From the perspective of modeling AGN X-ray spectra,it would be
most useful to allow the torus opening angle (or, equivalently the covering factor),
and the Fe abundance to be free parameters for spectral-fitting purposes. Quanti-
tative results and extension of the MYTORUS model will be presented in future
work, but in the meantime we provide here only some general indications of how
the reprocessed spectra would change with departure from some of the default
assumptions.

We again emphasize the fact that even with the current default assumptions, it
is still better to use the MYTORUS model than an ad hoc combination of model
components that result in a model that is not physical. For example, simple line-
of-sight attenuation combined with disk reflection is not a physical model of the
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circumnuclear matter in AGN and such a model cannot yield physically meaning-
ful parameters. On the other hand, the MYTORUSmodel provides aphysical and
self-consistent baselineas a starting point. Real AGN will not conform to all of
the assumptions in the model but the results of fitting data with MYTORUS will
serve as quantitative indicators of how the model should be extended in a physical
and self-consistent manner. Such an approach isnot possiblewith models that are
completely ad hoc.

9.1 Covering factor

If the covering factor is changed (or equivalently, if the torus opening angle is
changed), the change in the scattered spectrum is not trivial. Both theshape and
magnitudeof the scattered spectrum change as a function of covering factor. The
same is true for fluorescent line fluxes and EWs. The continuum and line spectra
must be calculated using full Monte Carlo simulations.

For both the scattered continuum and the fluorescent emission-line spectrum there
are two opposing effects. One effect is the increase in the fraction of the X-rays
from the central source that are intercepted by the torus as the covering factor
is increased. The other effect is the increasing amount of self-shielding of the
scattered continuum and the fluorescent line as the coveringfactor increases. The
self-shielding results from photons that emerge from the surface of the torus and
then re-enter it. There is thus a value of the covering factorthat yields the maxi-
mum scattered continuum level, and the maximum fluorescent emission-line flux.
In the MYTORUS geometry the value of the covering factor that maximizes the
reprocessed flux is in the range∼ 0.4 − 0.6 (it depends on the inclination angle
as well). Some more general aspects of the effect of the covering factor on the
reprocessed spectrum can be found in Ikedaet al. (2009), albeit for a different
toroidal geometry than that adopted for MYTORUS.

We repeat here something that we have already pointed out in Chapter 6 and Chap-
ter 7 because it is so important. That is, the relative normalization factors for the
scattered continuum and for the fluorescent line spectrum,AS andAL respectively
(see Table 3.2 ), shouldneverbe interpreted simply as covering factors.
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9.2 Element abundances

The single-scattering albedo is a function of photon energy, element abundances,
the photoelectric absorption cross sections, and the Compton scattering cross sec-
tion (see§2.3 and Eq. 2.5). It has a value between 0 and 1, the former corre-
sponding to pure absorption, the latter corresponding to pure scattering. For the
cosmic abundances of Anders & Grevesse (1989), and the Verner et al. (1996)
absorption cross sections adopted for MYTORUS, the albedo has a value of 0.90
at∼ 25 keV. If the element abundances are reduced, this energy becomes lower
(Compton scattering then dominates over absorption at lowerenergies). Since the
absolute energy shifts due to Compton scattering become lessand and less at lower
and lower energies, the reprocessed soft X-ray spectrum then rises and becomes
more and more like the intrinsic (incident) X-ray continuumas the element abun-
dances are decreased. The high-energy spectrum still steepens due to Compton
downscattering but the Compton-hump becomes less and less prominent because
absorption no longer produces the flux deficit that forms the low-energy side of
the Compton hump. The details of course depend on which element abundances
are reduced. Fe has the greatest effect on the shape and relative magnitude of the
Compton hump.

If the element abundances are increased relative to the cosmic values, the energy
at which the albedo is 0.90 increases to values higher than 25keV. The Compton
hump becomes more prominent and its peak energy moves higher. Below the
Compton hump the reprocessed spectrum becomes more and more diminished
as the element abundances increase. Again, the detailed shape of the spectrum
depends on which element abundances are increased.

9.2.1 Fe abundance and the Fe Kα line

The dependence of the Fe Kα fluorescent emission-line flux and EW on the Fe
abundance is of particular interest but it is not a simple relationship. There are two
opposing effects. A change in the Fe abundance changes the fraction of the con-
tinuum that is absorbed by the Fe K shell but it also changes the optical depth for
the line photons to escape the medium. The effect of changingthe Fe abundance
also depends on the inclination angle of the reprocessor. The detailed behavior of
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the Fe Kα fluorescent emission-line flux and EW must be obtained by fullMonte
Carlo calculations. The relative normalization of the fluorescent emission-line
spectrum,AL (see Table 3.2), should not be interpreted simply as a relative Fe
abundance.

9.3 Geometry

Due to the strong angular dependence of the differential Klein-Nishina Compton
scattering differential cross section, and geometry-dependent optical depth effects,
the shape of the reprocessed spectrum and its relative magnitude compared to the
intrinsic incident continuum depends on the geometry of thereprocessor. We do
not know the exact geometry of the circumnuclear matter distribution in AGN.
However, the geometry and other assumptions adopted for MYTORUSserve as a
baseline for a self-consistent model that we can start applying to real data and use
the results to deduce how the model should be refined to reflectthe true properties
of the reprocessor.

Ghisellini et al. (1994) and Ikedaet al. (2009) have studied the X-ray reprocess-
ing properties of a toroidal geometry that corresponds to a sphere with a bi-cone
removed from it. Photons from the X-ray source impinge on thereprocessor with
a different range of angles compared to the toroidal geometry in MYT ORUS .
The angle-dependencies of the optical depths for escaping the medium are also
different for the two geometries. Therefore the scattered continuum and fluores-
cent emission-line spectrum are different for the geometries, even for the same
covering factor.

A clumpy, or patchy toroidal matter distribution would again produce different
scattered and emission-line spectra. The most significant difference would come
from the fact that the observed spectrum would consist of a complex composition
of reprocessed emission covering a larger range of incidentand emergent angles
than the “uniform” toroidal distribution (e.g. see Nandra &George 1994; Miller
et al. 2009).

A fully covering spherical distribution of matter surrounding an X-ray source
gives yet another set of characteristics for the reprocessed emission (e.g. see
Leahy & Creighton 1993; Yaqoob 1997). Notably, the soft X-rayspectrum would
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be diminished much more than any of the geometries discussedabove because the
soft X-ray flux in those geometries preferentially comes from parts of the matter
distribution that have the smallest optical depths in the line-of-sight. The symme-
try of a spherical geometry does not provide any preferred directions for photon
escape. For the same reason, the Fe Kα line will not be observed from the same
surface as the X-ray continuum illumination so its flux and EWwill more closely
resemble values obtained for the edge-on torus.

The fully-covering spherical geometry actually gives a lower limit on the level of
the soft X-ray continuum (below∼ 10 keV) relative to any other geometry. All
other geometries give a larger and softer low-energy X-ray continuum because of
the smaller optical depths near the physical boundaries of the circumnuclear mat-
ter. This sensitivity of the scattered X-ray continuum to the particular geometry
of surface of the reprocessor must be borne in mind when interpreting the results
of spectral fits with the MYTORUSmodel (this was also discussed in§6.1.1).
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